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COMPUTER PROGRAM FOR STATIC AND DYNAMIC AXISYMMETRIC
NONLINEAR RESPONSE OF SYMMETRICALLY LOADED
ORTHOTROPIC SHELLS OF REVOLUTION

By Wendell B. Stephens
Langley Research Center

SUMMARY

A computer program has been developed which determines the nonlinear behavior
of symmetrically loaded elastic orthotropic shells of revolution. The loading can be due
to either mechanical or thermal forces and can be applied statically or dynamically. The
analysis is based on Sanders' equations for shells with small strains and moderately
small rotations and allows for variable stiifness properties of the shell along the merid-
ian. Spatial derivatives are approximated by finite differences, and integration with
respect to time is carried out by the Houbolt method. For static behavior, or dynamic
response at each point in time, a Newton-Raphson method is applied for convergence to
the nonlinear solution. The boundary conditions are presented in a general form which
allows either classical or elastic constraints to be used. The program, which is written
in FORTRAN IV language, is described in detail and sample calculations are included.

INTRODUCTION

The analysis of shells of revolution subjected to static, thermal, or time-dependent
loads is an important problem in the design of missiles and space vehicles. A finite-
difference solution for the linear bending behavior of an isotropic shell subjected to an
arbitrary static load is contained in reference 1 and is modeled after the analysis pro-
cedure found in reference 2. Geometrically nonlinear terms are included for essentially
the same problem in reference 3. However, there remains a need for a program which
accounts for dynamic loads and material orthotropy. Such a dynamic response analysis
is useful for practical aerospace applications such as the study of launch, staging, and
water-impact loadings of aeroshells. In addition, such an analysis would provide a means
of determining the nonlinear prebuckling stress distributions required for accurate sta-
bility analyses. In this report a computer program is described which has been developed
to determine the axisymmetric nonlinear static and dynamic response including axisym-
metric static and dynamic buckling of an arbitrary elastic orthotropic shell of revolution



subjected to axisymmetric loads. The analysis, programing techniques, and the computer
program documentation are presented as well as representative sample problems.

The analysis is based on Sanders' nonlinear equations (ref. 4) with material orthot-
ropy added as in reference 5. The governing partial differential equations are written in
terms of first-order spatial derivatives and solved numerically by using central differ-
ences for derivatives along the meridian and backward differences for time derivatives.
Integration with respect to time is started by using the Houbolt technique (refs. 6 and 7).
For the boundary conditions, either classical or elastic constraints may be used. The
nonlinear difference equations are solved for each time step or static load increment by
the Newton-Raphson method (ref. 8). '"Top-of-the-knee' static buckling is determined
from the lack of convergence of the Newton-Raphson procedure.

The program is divided into nine subroutines and seven user-supplied function sub-
programs. A maximum of 101 equal stations is provided requiring an octal storage of
70 000 memory words. The program is written in CDC version of FORTRAN IV language
for operation in the CDC 6600/6400 digital computer at the Langley Research Center.

The output consists of a problem description together with displacements, rotations, and
moment and force resultants in tabular form.

In order to present both the analysis and the computer program, appendixes are
frequently used to simplify the text. Appendixes A, B, C, D, and E are used to clarify
the presentation of the analysis, and appendixes F and G contain the program listing and
a sample of the program output, respectively.

SYMBOLS

The units for physical quantities defined in this paper are given both in the U.S.
Customary Units and in the International System of Units (SI). Factors relating the two

systems are given in appendix H.

a reference (or characteristic) length
C11,C12:Ca9 nondimensional orthotropic extensional material constants defined in
equations (14); for example, Cyj = -ﬂl-
’ EoH,
C11,C12,Ca9 orthotropic extensional material constants

nondimensional orthotropic bending material constants defined in
2_
A Diyq

E,H3

D11,D12:P22

equations (14); for example, Dqy =



ﬁ11:512,_]522 orthotropic bending material constants

E, reference modulus of elasticity
E1,E9 moduli of elasticity in principal directions, meridional and circumferential,
respectively

E19-E90 nondimensional moduli of elasticity in principal directions; for example,

Eqo = oL
10 = E—o
Eo/pPg specific stiffness where pg is weight density
€11,€99 nondimensional extensional strain, meridional and circumferential directions,

respectively; for example, eyq =€

g acceleration due to gravity

H shell thickness

Hg reference thickness

H maximum shell rise of spherical cap considered in sample problem

h nondimensional shell thickness, H/Hg

j temperature exponent in equation (17)

Ki1,K19,K99 nondimensional orthotropic material constants associated with
coupling between extension and bending and defined in equa-
. K1y
tions (14); for example, Kqp = E—Oﬁg

Ell,l_(lg,-ﬁgz orthotropic material constants associated with coupling between
extension and bending

kq11,k92 principal change in curvatures, meridional and circumiferential directions,

respectively



Mj1,M23 bending-moment resultants in principal directions, meridional and circum-
ferential, respectively

mjq1,mg9 hondimensional bending-moment resultants in principal directions; for
aMiq

3
oH0

example, mqq =

N11,Na92 membrane stress resultants, meridional and circumierential directions,

respectively
n number of stations along meridian
nj1,099 nondimensional membrane stress resultants, meridional and circumferential,
Nyy
respectively; for example, ni]=——
oH,
P,Pg lateral and meridional forces per unit area, respectively
P.r critical symmetric buckling load
p* =P
Pel
p,bg nondimensional lateral and meridional forces per unit area, respectively;
Pa
for example, p=—
O'HO
Pl nondimensional classical buckling pressure of complete spherical shell
(see eq. (30))
Q transverse shear resultant
q nondimensional transverse shear resultant, Q/oHg
R radial distance from axis of symmetry to shell reference surface
R1,Ro principal radii of curvature, meridional and circumferential directions,

respectively



Ty

As

T,Ty,Ty
At

m m
tl ,t2
n,n
tl,t2

U,W

nondimensional radial distance from axis of symmetry to shell reference
surface, R/a

R
nondimensional principal radii of curvature; for example, ry = -1

distance measured along shell meridian

nondimensional distance measured along meridian, S/a
nondimensional meridional difference increment
temperature quantities defined with equation (17)

real time

real time increment

nondimensional thermal moment resultant in principal directions, defined in
equations (16)

nondimensional thermal force resultant in principal directions, defined
in equations (16)

meridional and normal displacement, respectively

nondimensional meridional and normal displacement, respectively; for

example, u = ﬂaﬂ

force vector with elements nyq, q, and mqq
displacement vector with elements u, w,and g3
vector composed of X and y vectors

coefficients of linear thermal expansion in principal directions, meridional
and circumferential, respectively

coefficients of the acceleration difference equation (21)



pg

€11:€22

¢

Subscripts:

nondimensional rotation, 78

meridional rotation

average deflection of spherical cap in sample problem
Kronecker delta

membrane strains

coordinate normal to reference surface of shell, positive outward, with origin
at reference surface and nondimensionalized by Hg

ratio of reference elasticity modulus to reference stress, Eg/c
circumferential coordinate

nondimensional principal curvatures; for example, K11 = amk11

ratio of reference thickness to characteristic length, Hg/a

shell parameter defined by equation (31)

Poisson’s ratios for meridional and circumferential directions, respectively
mass density

reference stress

E
O ¢

nondimensional time, 5
pa

nondimensional time increment

colatitude angle, angle between shell axis and normal to shell middle surface

spatial station number, thatis, 1,2,.. ., n



j matrix number, that is, 1,2, . . ., 2n
k kth equation of set of equations at a point
m time step, that is, 1, 2, . . .
max maximum
Matrices:
z,e 6x1
A,B,CD,E,
3x3
F15F3 ’P)Q
XOLDb,X,
3Ix1
R,x,y,q,
H,H,M 6 % 6

A prime indicates a derivative with respect to the nondimensional meridional
distance s.

A dot indicates a derivative with respect to nondimensional time 7.
ANALYTICAL FORMULATION

The shell analysis procedure is summarized in this section. Also included are the
geometric description, derivation of the nonlinear equilibrium conditions, compatibility
equations, and differencing scheme as well as the Newton-Raphson procedure for solution
of the governing equations.

Shell Geometry

The shell geometry and coordinate system for the reference surface of a general
shell of revolution are shown in figure 1. The geometry of the shell reference surface is
defined by ¢ and R. Any point in the shell may be located by specifying the orthogonal

coordinates s, 6,and { where s =-§ and is the nondimensional meridional coordinate,

S is the meridional shell coordinate, a is the reference length of the shell, 8 is the
circumferential coordinate, and ¢ is a coordinate normal to and originating at the shell



reference surface, positive outward. The nondimensional principal radii of curvature,
rqy and rg,are (ref. 1)

1
— = ¢
|
(1)
1 _ sin
r9 T

where the prime indicates a derivative with respect to the nondimensional meridional
distance s. The radii are nondimensionalized by use of the reference length a.

Equilibrium Conditions

By utilizing the results in reference 4 and the nondimensional variables described
in reference 2, the nondimensional equilibrium equations become

' cos cos 1 i

M1t ¢ nyp+ 90 - . ? nga * g ®'PP11 - hu=-Pg (2)
. . cos sin 1 ' ' .-

qQ' - ¢'ngg + rqbq- r¢n22+5[(ﬁn11)+r76n11:l-hW=-p (3)
' cos ¢ cos ¢ q

myqy+ myy-—5 Mgy -=5=0 (4)

A2

where njq and ngg are the stress resultants, mjy and mgg are the bending-
moment resultants, u and w are the displacements, pg; and p are the surface
loads, g is the shear resultant, and B is the meridional rotation. These quantities
are defined in figure 2. The term A is a nondimensional constant representing the
ratio of the reference thickness Hg to the reference length a. The dots indicate deriv-
atives with respect to nondimensional time 7.

Rotational and Strain-Displacement Relationships

The nondimensional rotation, strain-displacement relationships, and curvatures

from reference 4 are

B=w'-¢'u (5)

efp=u+ o'w +2—177— [32 (6)



e22=coi¢u+si;1qbw )
K11 = =B’ (8)
g = -2 B (9)

The terms €11 and eg9 are the nondimensional principal strains and K11 and K99
are the nondimensional principal curvatures.

Constitutive Equations

For symmetrically loaded orthotropic shells of revolution nondimensional elasticity
relationships obtained from reference 5 can be written as

nyp = Cygeq + Cigen + Kyikqg + Kigkag - t] (10)
ngg = Cygeqq + Cogegy + Kygyy + Kygkog - ty (11)
myy = A"2Kqjeqy + A2Kjgegg + 272D 1Ky + 172D gkyg - T (12)
mog = >\‘2K12e11 + )C2K22e22 + A‘2D12K11 + A‘2D22K22 - trzn (13)

Since only axisymmetric behavior is considered, only these four relationships are
required. The nondimensional stiffnesses are given by

E o
Cqq =1¢_§ de
- V19¥21 Y8y
vioE ¢
Cy - 1 12E10 2d§
- Via¥a1 Y81
’ (14)
E €
C22 = 20 2 d¢
1-vyovgy Y81
AE Ca
K11 = 10 ¢ dg
1-vi9v91 “C1 )

(Equations continued on next page)

9



AV:oE o h
K19 ~_ 12710 ¢ de
1-vy9v91 ¥4
AE o
1-viov9y 8y
)
\°E Cz
D11 = R g2 ag (14)
1-vy9¥91 “¢1
V19K 9
Dyq = 12E10 €2 e
1-vi9¥9y 81
2
2E 9
Dy = 20 e2 gr
1-vi9v91 "8 J

where { is positive outward and §q1 and {5 are the distances to the inner and outer
shell surfaces, respectively, from the reference surface.

Because of the symmetry of the orthotropic constants, use has been made of the
relationship

E10v12 = Egp¥21 ' (15)

The nondimensional thermal forces and moments in the meridional and circumferential
directions, respectively, due to a temperature T(s,f) are (ref. 1)

Eq1q7 g )
1-viyv ¢
12721 1
Eoqn £
trzl =-——-—-———=20 (&2 + 1121(11>gV 2 T d§
1= vioV .
12721 1
} (16)

Eq{qn o
th = -——10————<a1 + ulzaz)g TE d¢
1 - vi9¥91 ¢y

E €
tgn = __2917.__(&2 + v21a1>§‘ 2 TC dC
1 - vig¥9y €1 J

10



where «@; and oy are the orthrotropic coefficients of thermal expansion in the prin-
cipal directions.

Temperature Profile

The temperature is allowed to vary through the thickness of the shell and along the
meridian as follows

T(s) = T1(s) + Ty(s)¢] (1

where the Ty defines the temperature change from a standard temperature at the ref-
erence surface and Tg is the difference between the temperatures of the shell outer
and inner surfaces at {9 and ¢;. The exponent j is used to define the temperature
thickness profile as a constant (j = 0) or as a linear variation through the thickness (j = 1)
or as a nonlinear variation through the thickness (j Z 2).

Finite-Difference Formulation of Governing Equations

It is shown in appendix A that equations (2) to (13) can be written as six partial dif-
ferential equations. These equations are first order in spatial derivatives and second
order in time derivatives. The set of equations in matrix form is

IZ‘+(f{+I~{>z=e+M2 (18)
where
N
ny1
a
miq
Zz =
u
w
LB
S

Here z is the solution vector of six variables, I is the 6 X 6 identity matrix, H and
H are the linear and nonlinear 6 X 6 coefficient matrices of z, respectively, M is the
6 X 6 mass matrix of z, and e is the six-element load vector. The elements of fI, H,
e, and M, are listed in appendix A.

The governing equations are converted into difference equations by utilizing central
differences for the spatial derivatives and backward differences (refs. 6 and 7) for the
time derivatives. As shown in reference 7, this backward-difference scheme is

11



numerically stable. The spatial finite-difference representations are written at a point
halfway between stations as shown in figure 3 and are of the form

Z. + Z;
i i-1
Zi.1/2=— % (19)
Z. - Z.
i i-1 (20)

%-1/27 " as

The second-order time derivative in equations (18) is approximated at the ith station by

. 1 [ - — =
fim = 02 <°‘mzi,m *Pm%im-1+ Ym%im-g * 6mzi,m-3> 1)
where i=1,2,...,n and m=1,2,.... Inequations (19), (20), and (21) the sub-

scripts i and m indicate spatial and time stations, respectively, and As and AT
are the spatial and time increments, respectively. The coefficients o, -Bm, Ym, and
8m depend on the time step and initial conditions and are given in appendix B. Applica-
tion of these finite-difference approximations (egs. (19) to (21)) to the governing equa-
tions (18) leads to the following set of nonlinear algebraic equations at the mth time step:

Fi_1/2%i-1,m * Gi-1/2%i m = Li-1/2 (22)
where
\
M. a
1/z o i-1/2"m 1
F. = ={H, + H. -——/e
i-1/2 “91Hi-1/2 i-1/2 (A'r)z AsS
M. a
1/= = i-1/2%m 1
G. = — . -+ H _-_— | —
i-1/2 5| Hi-1/2 * Hi_1/2
/2779 @an? As F (23)
M.
_ i-1/2(— —
Li 172 =%-1/2 +“‘_(AT)2 <Bmzi—1/2,m—1 *Ym?%i-1/2,m-2
+6 Z.
m 1-1/2,m-3> J
and i=2,3,...,n and m=1,2,3,.... These equations with three boundary con-

ditions at each edge of the shell define the problem to be solved and must be solved
simultaneously to determine z at the mth time step.

12



Boundary Conditions
As shown in reference 4 the classical shell boundary conditions at either edge,

Sma.x

s=0 and s = , are defined by either force resultants nqyq, q,and mqj; or dis-

placements u, w, and g, so that

Here the subscript i is either 1 or n andthe 3 X3 £ and A matrices and the
3 X1 [ vector are required to define the boundary conditions. The vectors x; and

yj are
n11 u
xi = q yl = W (25)

These vectors define the force and displacement subvectors of 2z, respectively. Typical
boundary conditions including general elastic constraints are discussed in appendix C.

Computational Procedure

The nonlinear set of equations (22) and (24) are linearized by use of an iterative
Newton-Raphson procedure (ref. 8). This is done by placing the L;_j /2 term and the
{ term on the left-hand side of equations (22) and (24), respectively, and writing the kth
equation at the ith station as

fk(zi,zi_l,s> =0 (26)

where k is 1,2, ..., 6 for equation (22) and k=1, 2, 3 for equations (24). Use of the
first two terms of a Taylor's expansion for equation (26) together with an approximate
solution vector Z gives

. of) ofy
fk<zi,zi_1,s> = fk(zi,zi_l,s> +8—z; _ 0zy + Zi1 _ 6z; = 0 (27)
2i=2j 2i-17%i-1
where i=1,2,..., n and where 02z; is the correction vector which must be added to

the approximate solution vector Z; so that equation (26) is satisfied.

13



The iterative procedure consists of adding the correction vector to the approximate
solution vector to obtain an improved approximate solution. Thus

-Z_g"-l = Ei + 621 (28)

where the superscript j indicates the jth iteration cycle. When ©6z; becomes suiffi-
ciently small, convergence has been obtained.

For convenience in the solution of the simultaneous equations, the correction vector
6z; is partitioned into the two three-element ordered subvectors 0x; and 0y;. Thus
the set of governing equations (27) including the appropriate boundary conditions take the
following form of a five-diagonal~banded matrix where each element is a 3 X 3 matrix.

- -
Ci1 Dy Eq fxf 4 aq B
Ba Cg Dy Eo ¥1 a2
A3 Bz C3 D3 Eg X9 a3
Ag(i-1) B2(i-1) C2i-1) D2gi-1) E23-1) (X Y=< 9(3-1)
Agi-1  Baj-1  C2i-1  Dgij-1 Egj_g i a2i-1
Agpn.1  Bgp-1 C2p-1 Dop-1||*n 42n-1
A B C y q
i 2n 2n ZnJ ) _ 2n J
(29)

For brevity, 4x; and 6yj are writtenas xj and yj in equation (29). The first

and last rows are the boundary conditions at s=0 and s = —a?‘ﬁ, respectively, and are
obtained from equations (24). The six first-order governing equations from equations (18)
and (27) correspond to the pair of rows at 2(i-1) and 2i-1, respectively. Here n is
equal to the number of spatial stations. The definitions of the A, B, C, D, E, and

q matrices in terms of equations (2) to (13), (22), and (27) are given in appendix D.

14



The set of equations (29) is solved by using a modified Potters method (refs. 2 or 9)
for banded matrices. A presentation of the recurrence equations required for the Potters
method is contained in appendix E. For each time step, the elements in the 3 X 3 matri-
ces A, B, C, D,and E and the three-element vector q are functions of the shell
properties, and the new displacement and stress state for the last three time steps.

The vectors zj o and 'Zi,O at the initial time 7 =0 must be given. Both the
incorporation of the initial conditions into the problem and the definition of the a,, f&m,
?m, and Em coefficients for Zp, are containedin reference 7 and appendix B. Appen-
dix B also includes nonhomogeneous initial conditions.

This analysis and numerical solution has been programed in FORTRAN IV and the
resulting computer program (SADA@S) includes the input provisions of general shell
shape, thermal and mechanical loads, structural orthotropy, and arbitrary boundary con-
ditions at each end of the shell.

COMPUTER PROGRAM

This section contains the description of the computer program SADA@S and is
intended to be a user's document. A listing of the program is contained in appendix F
and a sample printout in appendix G. In writing this program, various options on types
of analyses, geometry, and boundary conditions have been included to eliminate the nec-
essity of having the user develop subroutines. However, should these options be inade-
quate, the program is subdivided into separate subroutines so that further options can be
exercised without a detailed knowledge of the program. Certain function subprograms
are required to be programed by the user. These function subprograms define the
loading, shell thickness, temperature integrals, and initial conditions. In addition, input
data and computer subroutine preparation are explained in detail in later sections.

Program Organization

The flow chart is presented in the following block diagram. As an aid in reading
the block diagram, a list of subroutines and their description is presented in table 1. In
table 2 the variables and constants are listed with their program names.

15



(1)

Read Namelists]

I _
@ [ Call GEQMTY ]

B rean IladcoN‘]
(4) | Call AI\BCDEs]

If IDYM =1
Call DYNAMIC

[
if IDYM =2 and no Call STIF |

convergence after 20 | (5) | |
attempts then P = AP/5| ~ LCall FUNCT ] P=p+ AP

I o
©) 1 ol POTTER l
(7)
no Convergence 3

(%) '®) [Call ANSWERS ] .,

a:;ilo;sstatic ____ TDYM = 2 Haj[ismF;:)een decreas??
i
. 0 dovm=1

| CaIClIJIate Z and‘z&]i_d @%}
KQUNT = KGUNT + 1|

[\ OUINT =
no Is KQUNT = KMAX
7 < > End of static
@ buckling
@d of dynamic)
analysis

Block diagram of SADAQS
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A detailed description of the computing in each block of the block diagram is as follows:

BLCCK (1):

BLOCK (2):

BLOCK (3):

BLOCK (4):

BLOCK (5):

BLOCK (6):

BLOCK (7):

BLOCK (8):

BLOCK (9a):

(9b):

Namelist GIVEN containing basic input data is read in. If requested, the
optional information on boundary conditions will be read in through name-
lists ELB@L and ELB@R.

Shell geometry is defined at the i-1/2 increment midpoints along the shell
meridian. The values defined by GE@MTY are r, ¢, and ¢'.

Boundary conditions at each end are set. Matrices Cqp, D1, Ej, qq,
Agn, Bgpn, Cop,and qg, in equation (29) are defined.

Matrices A, B, C, D, E,and g from equation (29) are calculated.
These matrices are further defined in appendix D. These matrices are
calculated for each i=2,3,...,n and, in turn, call the subroutines
DYNAMIC (if IDYM = 1) and STIF. STIF setsthe C, D, and K values
from equations (14). DYNAMIC sets &, B, 7, 0 of equations (21).

From equation (27) the term fk(ii,ii_l,s) is calculated and placed on the
right-hand side of that equation. This corresponds to the q vector in
equation (29).

The Potters method or Gaussian elimination scheme described in appendix E
. . 0%
is used to solve equation (29) for the vector 6z where 06z; = oys | The

i

improved approximate vector is given by equation (28).

If the norm of 6z is very small compared with the norm of the improved
vector 7z, then the problem has converged. If 0z is not sufficiently small,
a return is made to block (3), and blocks (3) to (7) are repeated until con-
vergence is obtained. If a static buckling problem (IDYM = 2) is being
attempted, and after 20 iterations there is still no convergence, a return is
made to the last converged load solution and a smaller load increment step
is attempted.

After convergence there is a tabular printout of the following variables at
each station i: nyy, q, mq3, u, w, B, ng, mg9g, p,and pg.

If the analysis is a static stress analysis (IDYM = 0), the program
terminates.

If the analysis is a dynamic response (IDYM = 1) problem, the z and Z
vectors are calculated and an increment in time and time step is taken.
This procedure is continued until KMAX steps are taken.
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(9¢c): If static buckling load (IDYM = 2) is desired, the load is increased. If
from block (7) the load increment has not been decreased five times, the
problem returns to block (3). If five load increment reductions have taken
place, the problem terminates.

Input Data

The following quantities in namelist GIVEN must be defined: N, NTYPE, CHAR,
H@, 5S¢, R@, PHI@, PP, PPS, E@, E1, E2, NU12, NU21, SIGQ, N@GNLIN, C@NV, IDYM,
KMAX, DTAU, ALFA1, ALFA2, T1, T2, ITEMP, LBCL, LBCR, SL, SR, IFREQ, and
ISTART. The format for the input data contained in a namelist is given in reference 10.
The first column of the data cards cannot be used. The definitions of these quantities

are as follows:

Name Type
N integer
NTYPE integer
CHAR real
HG real

18

Interpretation

n, number of stations along the meridian

sets type of shell geometry to be analyzed:
NTYPE =1 denotes a cylindrical shell.

R@ is the radius from the shell axis to the shell reference

surface.

PHI@, the colatitude angle, is 90C.

S@ is the shell length.
NTYPE =2 denotes a conical shell.

R@ is the radial distance to the first stationat S =0 from the

shell axis.

S@ is the length along the shell meridian.

PHIQ is the colatitude angle (i.e., 900 — Semivertex angle).
NTYPE =3 denotes a spherical cap.

R@ is the shell radius.

PHIQ is the colatitude angle at S = Sy 5%.

S@ is calculated internally and is read in as zero.
NTYPE =4 denotes that the user will read in a special geometry
by adding statements to GE@MTY as required to define r, ¢, and
¢' at each i-1/2 station. Input constants R, PHI@, and S¢ can
be used as desired by the programer. The statements are placed
after the card labeled 50 and before the card labeled 60.

a, reference shell dimension to be selected by user and used inter-
nally for nondimensionalizing the geometry and output quantities

Hp, reference thickness



Name
S@
RY
PHIQ
PP

PPS

EQ

E1l

E2
NU12
NU21
SIG@
N@NLIN

C@NV

IDYM

KMAX

DTAU

ALFAl
ALFA2

Type
real
real
real

real

real

real
real
real
real
real

real

integer

real

integer

integer

real

real

real

Interpretation

input quantity defined by NTYPE
input quantity defined by NTYPE
input quantity defined by NTYPE and read in degrees

constant used to define p, the normal pressure, in FUNCTION
PL(I)

constant used to define pg, the meridional pressure, in
FUNCTION PS(I)

Eg, reference elasticity modulus

E{, elasticity modulus in meridional direction

E9, elasticity modulus in circumferential direction
V19, Poisson's ratio in the meridional direction

v91, Poisson's ratio in the circumferential direction
o, reference stress level; normally SIG@ = 1.

If a linear solution is desired, set N@NLIN = 0. If nonlinear

terms are to be included, set N@NLIN = 1.

convergence criteria. Compares the error norm with the norm of

the approximate solution vector <i.e., I—l?_i\”) to insure conver-
Z

gence to proper order of magnitude. Usually C@NV = 1. X 10-3.

If static stress analysis is desired, set IDYM = 0. If dynamic
response analysis is desired, set IDYM = 1. If static buckling
analysis is desired, set IDYM = 2.

number of time steps desired when IDYM = 1. Maximum number
of static-load solutions when IDYM = 2. (Provides an upper limit
on iterations when snap-through buckling (IDYM = 2) does not
occur.)

E
AT, size of the nondimensional time increment. A7 = 9 At.
pa2
aq, coefficient of thermal expansion in the meridional direction
oy, coefficient of thermal expansion in the circumferential

direction
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Name Type
T1 real
T2 real

ITEMP integer

LBCL integer
LBCR integer
SL real
SR real

IFREQ integer

ISTART integer

Interpretation

constant used to define Tq in equation (17)
constant used to define Tg in equation (17)
j, integer exponent used in equation (17)

sets boundary condition at the i=1 (S =0) edge (see egs. (C2)
to (C5)):

LBCL =1 is a pole point

LBCL =2 is a pinned edge

LBCL =3 is a fixed edge

LBCL =4 is a free edge

LBCL =5 elastic constants in namelist ELB@L must be given

sets boundary conditions at the i =n (S =Smygax) edge (see
egs. (C2) to (C5)):

LBCR =1 is a pole point

LBCR =2 is a pinned edge

LBCR =3 is a fixed edge

LBCR =4 is a free edge

LBCR =5 elastic constants in namelist ELB@R must be given

three-element array equated to values defined by LBCL (see
appendix C), equivalent to Iy in equations (24) and (C1)
three-element array equated to values defined by LBCR (see
appendix C), equivalent to I, in equations (24) and (C1)
frequency of printout at time steps of dynamic-load problems
(IDYM = 1) or at load steps in the static buckling problem
(IDYM = 2)

Normally ISTART =0. If ISTART = 1, user must supply non-
homogeneous initial values to FUNCTION DV for deflections and
velocities u, w, u,and w.

The first input quantity in namelist GIVEN is preceded by $GIVEN and the last
input quantity is followed by $. For example, the first input card could be

$GIVEN N = 21, NTYPE = 3, H@ = 1.,

and the last namelist card could be

SL(1) = 0., 0., 0., SR(1) = 0., 0., 0., IFREQ = 4, ISTART = 0§
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Finally, one input card may contain a description of the problem. All 80 columns
may be used. If no description is desired, a blank card must be included after the last
namelist GIVEN data card.

If LBCL =5, then namelist ELB@L must be included in the input. Two 3 X 3 matri-
ces Qp, and Ap, arereadin columnwise. Their elements specify the elastic con-
straints at the first boundary of the meridian (i = 1). For example, a simply supported
edge of a shell free to displace in a horizontal plane and with an applied edge moment
yields the boundary conditions

nji cos ¢y + q sin ¢g =0
u sin ¢ -~ W cos ¢g =0
my1 =M

where ¢, is the colatitude angle at the boundary. Thus, the £, A, and SL matrices
become

cos ¢, sin ¢g 0 0 0 0 0
Q= O 0 0| Ap =|[sin ¢o =-cos ¢y O SL={(0

If LBCR =5 the namelist ELB@R must be included in the input. Two 3 X 3 matri-
ces Qr and AR are readin columnwise. Their elements specify the elastic con-
straint at the last boundary of the meridian (i = n).

User-Prepared Function Subprograms

In addition to the input data, the user must prepare certain function subprograms.
These function subprograms must be written and included in the program by the user to
calculate the quantity at each half-station, i-1/2. For example, at i =2 the FUNCTION
PL(I) will define the lateral nondimensional pressure at a point halfway between i =1
and i=2. The i-1/2 station is shown in figure 3. The following table describes the
function subprograms.

FUNCTION Quantity Interpretation

PL(I) pi-1/2 (i=2,3,...,1n) computes the nondimensional lateral
pressure
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FUNCTION Quantity

PS(I) Ps i-1/2 i=2,3,...,n
$a .

wmz@) (P Tpa 6=2,3,.. .0
S
9 .

TZDZ g Ty y/98d¢ G=2,3,...,0)
£1

T(I) hij.1/2 i=2,3,...,n)

IP(K@UNT) required when IDYM =1

DV(M,I) required when ISTART =1

Interpretation

computes the nondimensional meridional
pressure

computes the nondimensional thermal
force integral

computes the nondimensional thermal
moment integral

computes the nondimensional shell
thickness

locates time stations where a load is sud-
denly applied or removed

prescribes the nonhomogeneous initial

conditions:

M =1 denotes the u displacement at
station i

M =2 denotes the w displacement at
station 1

M =3 denotes the U velocity at
station i

M =4 denotes the w velocity at
station 1

Program Output

The output is divided into two parts. The first part is a printout of the input data
and shell geometry. The second part is the printout of nyq, q, my3, u, w, B, p,
Pg, Dnp2,and mgg at all stations for the converged solution. If the problem varies with
time, then the second part is repeated KMAX times. At a time station where there is a
sudden change in load (i.e., step loads denoted by IP =1 in FUNCTION IP(K@UNT))
there is an additional printout of the vectors u, w, 4, and Ww.

Program Limitations

The program is limited to 101 spatial stations and 70 000 octal storage locations.
At present there is no programed mechanism for allowing the orthotropic coefficients of
thermal expansion o and oy to vary through the thickness. This could be accom-
plished by the user by writing FUNCTION TDZ and FUNCTION TZDZ to include variable

thermal coefficients «@1(¢) and ay(§).
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In subroutine STIF these constants are set up for a general orthofropic shell with
the reference surface at the middle surface. The stiffnesses, that is, the Cjj, Djj, and
Kj; defined in equations (14), are general. Thus, the user could, with minimal knowledge
of the computer program and equations (14), alter subroutine STIF to include a shell stiff-
ened by rings or stringers smeared over appropriate increments (ref. 11) and using any
reference surface.

Analytical Limitations

For static buckling problems (IDYM = 2) the buckling is limited to "top-of-the-knee'
axisymmetric buckling loads. A detailed discussion of top~-of-the-knee buckling is con-
tained in reference 12,

Errors in results will normally be one of two types: (1) inconsistency of input data
or (2) numerical error inherent in the analysis. The first type of error can be eliminated
by careful scrutiny and checking of the input data and user-prepared function statements.
The second type of error can only be minimized by taking the increments in time and
space small enough to guarantee that a sufficient number of stations exist for an accurate
solution. A comparison test of the results for various increment sizes is an adequate
means of determining appropriate increment sizes.

SAMPLE PROBLEMS

Spherical Cap With Dynamic Loading

The first problem to be solved is one considered in references 12 and 13. An iso-
tropic shallow spherical cap with clamped edges is subjected to a step pulse compressive
pressure applied at 7 =0 and removed at 7 =5. The compressive nondimensional
lateral pressure is taken as 60 percent of the classical buckling pressure p, applied
to a complete spherical shell where

2

h

2 (—
K (r0>

E}(l i v2):|1/2

(fig. 4). The remaining shell properties are

Pc1 = (30)

R =100 in. (2.54 m)

H=1in (0.0254 m)
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E; = Eg = 10 X 106 psi  (68.95 GN/m2)
¢ = 15.8094°
V12 = V21 =0.3

These parameters correspond to a shallow-shell parameter of Ag =5 where

1/4,_\1/2
Ag = 2E3(1 - uzﬂ G}) (31)

and H is the maximum shell rise. The reference length CHAR or a is set at 100 in.
(2.54 m) and E, is taken as 10 X 106 psi (68.95 GN/m2) with Hy and o set at unity.
In addition, spatial increments are set at 1/25 of the meridian and the time increment
(DTAU) is set at 0.25. The number of spatial stations and size of the time increment for
this problem were established by comparing increasingly small spacings until stable
solutions were obtained. The time response is desired out to 7 = 10 and a printout is
requested at every fourth time increment. A complete listing of the program along with
the results for this sample problem is contained in appendixes F and G.

The namelist GIVEN quantities become

N = 26
NTYPE = 3
CHAR = 100.
HG = 1,

S@ = 0.

R@ = 100.
PHIQ = 15.8094
PP = -0.6

PPS = 0.

E@ = 10. x 106
E1 = 10. x 106
E2 = 10. x 106
NU12 = 0.3
NU21 = 0.3
SIGY = 1.0
N@NLIN = 1
C@NV = 0.001
IDYM =1
KMAX = 40
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DTAU = 0.25
ALFAL = 0.
ALFA2 = 0.
T1 = 0.

T2 = 0.
ITEMP =0
LBCL = 1
LBCR = 3

SL = 0., 0., 0.
SR = 0., 0., 0.
IFREQ = 4
ISTART =0

The descriptive card comment is
SAMPLE PROBLEM FOR A CLAMPED SPHERICAL CAP WITH LAMBDA = 5.

The namelists ELB@L and ELB@R are not needed since neither LBCL or LBCR is
set equal to five.

The FUNCTION IP sets the time steps m at which there are step load changes.
The input data (DTAU) was selected to have an incremental size, AT = 0.25. Therefore,
the abrupt or sudden load changes occur at stations m =0 and m=20 for 7=0 and
7 = 5, respectively. In the program the subscript m is represented by KGUNT. If
there is no sudden change in load, IP is set equal to zero. If there is sudden change in
load, IP is set equal to one at that time station. The user-supplied statements for
FUNCTION IP(K@UNT) become

IP=0
IF (KgUNT .EQ. 0) IP = 1
IF (KGUNT .EQ. 20) IP = 1

The user-supplied information to FUNCTION T(I) is
T = 1.0/HQ

where T defines h at a station i-1/2.

FUNCTION PL(I) and FUNCTION PS(I) set the lateral and meridional loads. For
the sample problem a compressive uniform lateral load is used. Thus, in FUNCTION
PS(I) the user~supplied statement is

PS =0.
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Common statements provide the values for ETA (), LAM (), NU12 (V12),
NU21 (VZ 1), ROA (ry), PP, and KGUNT to be set in the function statement. Therefore,
the user-supplied statements for FUNCTION PL(I) become

PCL = 2. *LAM*ETA/(3.%(1 - NU12*NU21))**,5%(T(I)/ROA) **2*E 10

PLL = PPxPCL

PL = PLL

IF (KgUNT .EQ. 0) PL =0.

IF (KGUNT .GT. 20) PL = 0.

IF (IACC .NE. 1) GOTO 1

IF (KgUNT .EQ. 0) PL = PLL

IF (KgUNT .EQ. 20) PL =0.

1 C@NTINUE

Here IACC is computed internally at time points where the load changes abruptly (i.e., a
step load) leaving the load doubly defined at that point in time. The first definition of a
doubly defined load point at the mth time station (represented by K@UNT) is placed before
the IACC statement card and the second definition of PL at that time-step point m is
placed after the IACC statement. In this sample problem the abrupt load changes occur
at KGUNT equal to 0 and 20. Therefore, at KGUNT equals 0 the statement before the
IACC statement is

IF (KgUNT .EQ. 0) PL = 0.
and after the IACC statement is
IF (KgUNT .EQ. 0) PL = PLL
At time station m = 20 the statement before the IACC statement is
IF (K@UNT .GT. 20) PL = 0.
and after the IACC statement is
IF (KGUNT .EQ. 20) PL = 0.

At m =20 the load is being suddenly removed so that initially the loading is equal to
PLL and finally is equal to zero. The negative sign in the namelist GIVEN quantity PP
makes the loading compressive.

Since ISTART = 0, the FUNCTION DV(M,I) will not be called. It is interesting to
note that since the initial conditions are zero, ISTART could be either one or zero. Since
2,0 = 'zi,O = 0, the input to FUNCTION DV for ISTART =1 would have been DV = 0.

FUNCTION TDZ and FUNCTION TZDZ are completely contained as defined by equa-
tions (16) and input constants for use in defining @y, o9, Tq, Tg,and j are provided
for in the namelist GIVEN through ALFA1l, ALFA2, T1, T2, and ITEMP, respectively.
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The statements appearing in appendix F for these subroutines assume that the reference
surface is located at the mid surface.

A listing of the program with this sample problem is contained in appendix F. A
special nondimensional value A, the average inward deflection, is computed and printed
for ease of comparison with references 12 and 13. The value A will be printed when-
ever NTYPE = 3. The output to K@UNT =4 is contained in appendix G.

The results for 60 percent of classical buckling load (this sample problem) and
other percentages are summarized in figure 5. The agreement with the results in ref-
erence 12 is quite good. The discrepancies are attributed to differences in problem for-
mulation and time increment sizes. The agreement with reference 13 is also good for
P* = 0.4 but poor for P*=0.6 and 7>2. The discrepancy between the present
results and those of reference 13 for P* = 0.6 is attributed to the use of a five-degree-
of-freedom analysis in that study as compared with 26 finite-difference stations in the
present study. Reference 13 reports a dynamic buckling load of Py = 0.52. In refer-
ence 12 the P.,. 1is 0.65 which agrees closely with the present result of 0.68 as shown
in figure 6.

An extensive study utilizing the program for both static and dynamic buckling has
been made in reference 14. Also contained in reference 14 is a thorough discussion of
both static and dynamic buckling criteria.

Thermally Loaded Clamped Cylinder

This sample problem demonstrates the use of the program for analyzing thermal
loads. The problem chosen is that one contained in reference 15 where an isotropic cyl-
inder clamped at the first station and clamped and on rollers in the longitudinal direction
at the final edge undergoes a linear temperature rise of 350° F (194.4 K) from one end of
the shell to the other. The analysis is linear and the shell dimensions are

Smax = 48 in. (1.2192 m)

R =12 in. (0.3048 m)

H=2in. (0.0508 m)

1/12 = V21 =0.3

Eq = Eg =28 x 106 psi (193 GN/m?2)

@) = oy = 9.5 % 10-6in./in./OF (17.1 X 10-6 m/m/K)

Thus, namelist GIVEN becomes

N =21
NTYPE =1
CHAR = 1.
H@ = 1.
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SQ = 48.

RO = 12.
PHIG = 90.
PP = 0.

PPS = 0.
EQ=1.

E1 = 28. x 106
E2 = 28. x 106
NU12 = 0.3
NU21 = 0.3
SIGJ = 1.0
N@NLIN = 0
CONV = .001
IDYM = 0
KMAX = 0
DTAU = 0.

ALFAl = 9.5 X 10-6
ALFA2 = 9.5 X 10-6
T1 = 350.

T2 = 0.

ITEMP = 0

LBCL = 3

LBCR =5

SL =0., 0., 0.

SR = 0., 0., 0.
IFREQ = 1

ISTART =0

The FUNCTION T(I) requires the statement
T = 2./HQ
The FUNCTION TDZ(I) requires the statement
TDZ = T(D)*T1*((FLPAT (I) - 1.5)/FLPAT (N-1))*x2 ,
S

Since equation (17) is now simply T =T then T = 350(25)

The description card comment becomes
THERMAL PROBLEM OF MENDELSON PG 186.
Since LBCR =5 then namelist ELB@R becomes
OMEGAR (1,1) = 1.0, 8x0.
ALAMDAR (1,1) = 4x0., 1., 3%0., 1.
where the elements are read in columnwise. These input data correspond to the boundary
conditions at i =n.
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The right-hand side of this equation is supplied by the vector SR in the namelist GIVEN.
Functions PL, PS, IP, DV, and TZDZ require only the following cards, respectively:

PL =0.
PS = 0.
IP = 0.
DV =0.
TZDZ = 0.

The results of this analysis are compared with those of reference 15 in figure 7.
The comparison is good; the differences are attributed to the fact that in reference 15 the
isotropic shell is approximated by a six-layered shell and the u deformations are
neglected.

CONCLUDING REMARKS

A computer program has been developed to analyze thin shells of revolution which
are both elastically and thermally orthotropic and are subjected to either mechanical or
thermal loads. These loads can be applied either statically or dynamically. The program
has many options concerning geometry, boundary conditions, and loading built into the
subroutines. In addition, the basic subroutines of the program allow stiffness and geom-
etry changes to be made easily without a detailed knowledge of the entire program. The
present report describes the numerical analysis procedure and serves as the user's man-
ual for the resulting computer program.

A sample problem of the dynamic response of a spherical cap is included. The
sample problem demonstrates the input data preparation for the program as well as the
accuracy of the results obtained. A second example of a cylinder loaded thermally is
included to show the input data required for that problem. Here again the agreement with
existing results is good.

Langley Research Center,

National Aeronautics and Space Administration,
Hampton, Va., September 18, 1970.
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APPENDIX A
REDUCTION TO SIX GOVERNING EQUATIONS
The six governing equations comprising equations (18) are derived in this appendix.
Equations (2) to (13) are reduced to six equations for the six unknowns njyq, 4, mqq, u,

w, and p. Equations (10) and (12) are rewritten to define ey and kyy as

Di;.n Ki1

D1 K11 2 m
(1175 M1 MiLC Ni2e2 - A"Ngkag +;§at1 arels! (A1)
Ki1 = il nyq + ‘11 miq m - M3Kgg + ‘u 2 bl t (A2)
11 = "5~ G ) G 172,
2G G 22 G 222G 1

When these expressions for eq; and xy; are substituted into equations (11) and (13)
the following equations result:

- n m n
ngp = Nygiyy + Mygmyy + (Eqg + Caa)ens +(Kpq + Kag) g + Niat] + Mppt]' - 5 (43)

K D
mgg = Ngnyq + Mgmyq + <E3 +-—22—2>e22 + <K3 +—;22—2>K22 + N3t111 * M3tr1n - tfzn (A4)
A

where the coefficients are

-
1< >
Ny = ——(C1oDqq - K14K
12 = 35 \C12P11 - KK
Mo = L{C14Kq9 ~ C1oK
12 = G\C11K12 - C12K1g
Eqg = —1-(2C,oK1{Kqg - C2,D;, - C, K>
12 = 5= 2C12K11K12 - C12P11 - C1iKyy
’ (A5)

- 2
Fo1 - %<C12D12K11 - C12D11Kq2 + K11Kys - C111)121(;12)

1
N3 =— (D11K12 - D12K11)
A*G

1
Mg =—— (0111312 - K11K1:z)
A2G J
(Equations continued on next page)
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APPENDIX A

-K ~N
Eq = 21
A
1 2 2
Kg = —4—<2D12K11K12 - D11K12 - CllD12)$ (A5)
AG
1 2
G =:2'<C11D11 - K11>

/

The quantities eg9p and K99 are eliminated from equations (A1) to (A4) by using equa-
tions (7) and (9). Then substituting equations (A3) and (A4) into the equilibrium equa-
tions (2), (3), and (4) yields the first three equations in equations (18). Substitution of
equations (A1) and (A2) into equations (6) and (8) yields the fourth and sixth equations of
equations (18). Finally, equation (5) can be utilized as the definition of g for the fifth
equation of equations (18). Thus, the elements of the f—I, ﬁ, and M matrices and of
the e vector in equations (18) are defined as follows. The elements of the H matrix
are

hyy =222 ¢(1 - N12) hig = ¢' )
hyg = -3 ® Mys hjq = -—(&5’223(1312 + sz)

r
hys5 = -LTH—(E(EH + sz) hig =Eoszﬁ(iz1 + Kzz)

r r

hyy = -<¢' + Si? 2 N12> hgg = 2252
hos :_sig ¢>M12 h24:_cosf#(Elz+C22$ (A6)
hgs = - Si:; ¢(E12 + sz) hae = W@m * Kzz)
hgy = -coi 2 N3 hgg = ~A~2
hys =<5 ¢(1 - My) h3g = -gqlf—qb@?, * 7“sz2)
hgg = - oo L fzsm ¢(E3 * 7"2K22) hgg = cofzd)(K:; * ’*'2D22)

/

(Equations continued on next page)
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D1y

hyq = ———
41 22G
K

11
ha3 =g

. sin
hy5 = ¢" + Nyg — ?

hg1 =hgg =hsg = hg5 =0

hgg = -1

hgg =0

APPENDIX A

The elements of the H matrix are all zero except

' R
h11=%3

hag =5, J

The elements of the e vector are

cos ¢ n m .n
61 = T (letl + M12t1 - t2> - ps
eg = Sll; ¢<N12t? + M12t§_n - tg) -p >
eg =222 ¢(N3t’1‘ + M3t - tg‘) J

32
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hyo =0
hgq = Oi ? N1
hgg = -22 ﬁiﬁ N3
hgg = -¢°

hg1 = -%161-

hg3 =%

hgs = - 222 My

r>\2

(A6)

(AT)

(A8)

(Equations continued on next page)



22 G
eg = 0
n m
g asL K11 L Ci1
22G G

The only nonzero elements of the mass matrix M are

Mg = M5 =1

APPENDIX A

(A8)

(A9)
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APPENDIX B
TIME DERIVATIVES AND INITIAL CONDITIONS
It is seen from equations (18) and (A9) that the time derivative terms arise only in

the displacement vector y;. Thus, as shown in reference 7, the yi,m terms can be

written as

Yi,m (AT)z(amyi,m * 6myi,m-1 * ymyi,m-Z * Gmyi,m-3> (B1)

where m indicates a time step. The constants o, Em, Ym, and 3y, are defined

in reference 7 by use of Houbolt's initial starting procedure for homogeneous initial con-
ditions of yi’0 = yi,o = 0. The procedure is presented here for general nonhomogeneous
initial conditions where ¥i,0 and 5’1,0 are given. From equations (2) and (3), 351,0

can be calculated. Also the following difference equations at m = 0 can be used to define

i]i’o and yl,o as

.1

Vi,0 = —G(AT)(2Y1,1 *3¥;0-6y; 1+ yi,-2> (B2)

.1

Vi = —2<Yi,1 “ 250+ yi,—l) (B3)
(A7)

These two equations can be rewritten to define the fictional time points ¥i .1 and y; o
b i
Then use can be made of the general backward-difference equation

1

(an)?

i,m <2yi,m - 5yi,m-l + 4yi,m-2 - yi,m-3> (B4)

Therefore, by using equations (B2) and (B3) to eliminate the fictional points from
equation (B4) at m =1 and m =2, values of @, B, Ym> and Oy of equation (B1)
are obtained as follows:

At m=0

@ =By =79=0=0
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At m = 1, equation (B1) becomes

- 1 6 . -
. . =———(By. ; - By. ——§. o - 2¥. B5
y1,1 (A'r)z( y1,1 y1,0) + AT y1,0 y1,0 (BS)

and
al=6 31=-6 71=51=o

At m = 2, equation (B1) becomes

. 1 .
Vi,2 = *——2< Vi - 4vi1+ 23’1,0) - Yi,0 (B6)
(a7)

and

At m Z 3, equations (B1) and (B4) are identical and

Oy = 2 B = -5 Ve = 4 By, = -1

Equations (B4) to (B6) completely specify all time derivatives and initial conditions. Sim-
ilar results for nonhomogeneous initial conditions were obtained in reference 16.

This procedure of using initial conditions is employed at every time point where
there is a sudden change in load.
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DEFINITION OF BOUNDARY CONDITIONS
The system of equations defined in equations (18) and appendix A requires three

boundary conditions at each edge. These conditions are derived in reference 4 and are
defined by a combination of the following variables:

n11 u
q or w
myy B

Thus, z is a six-element vector and the boundary matrix contains only three equations
at each end. Therefore 2z; is divided into two subvectors x; and y; where

nll u

Xl = q yl = w
mll - B .
1 1

as shown in figure 3 the left boundary is at station i =1 and the right boundary is at
i =n. Therefore

QlﬁXl + A16y1 = ll
(C1)
Qu0xy, + Apdyn =1g

S
max) stations,

where the subscripts 1 and n refer to the first (s = 0) and last (s =
respectively. In the program the vector [ at i=1 isSLandat i=n is SR. Both
SL and SR are three-element arrays. The following conditions can be applied to either
boundary:

For a pole point where u =q = 8 =0, the matrices £, A, and [ become

0 0 O 1 0 O 0
Q=10 1 0 A=(0 0 O 1L=(0 (C2)
0 o0 0 0o o0 1 0
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For a pinned boundary where u=w=mq =0, the matrices 2, A,and I become

0 0 0 1 0 0 0
Q=0 0 o A=lo 1 o0 1={ 0 (C3)
0 0 1 0 0 O 0

For a clamped boundary where u=w = 8 =0, the matrices £, A,and I become
€ = Null matrix A=1 { = Null vector (c4)
For a free edge where nyj;=q=mqqy= 0, the matrices become
Q=1 A = Null matrix 1 = Null vector (C5)

Finally, for a boundary with general elastic constraints, £ and A must be
defined by the particular problem and read in through namelists ELB@L and ELB@R.
The vector 1 is always read in through namelist GIVEN. For these boundary condi-
tions, the elastic boundary conditions on the left (i = 1) edge are read in through namelist
ELB@L and on the right (i = n) edge through ELB@R. In other words, all nine elements
of both € and A must be specified.
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DEFINITIONS OF A, B, C, D, E, AND q MATRICES

Equations (22), (26), (27), and (29) are related in the following manner:

f = F -1 L6 il _ o
k= ¥i.1/2 +4i_1/2 - Lil1/2
Yi-1 ¥i

where k=1,2,...,6 and i=2,3,...,n. For k=1,2,3

AZ (i-1) = Null matrix

Ba(i-1) =;—fl_{; = (Fi-l/z + 52,j+1 %ﬁ)kj G=1,2,3)
Cali-1) = 3:,:1_‘1 = (Fy 15+ 0y 55 @_%ﬂ/& . 52,j_4F717_1<cc;sr o XlE)l . (=456
-1/2)
Dai-1) =Zi-li{ = <G1-1/z * 8 41 %ﬁ)kj (1=1,2,3)
Egi-1 =:—;l-i‘ = <Gj_1/a * 51’j_5ﬁﬁ;271_‘ﬁ + 52’j_4F717_1<c2i o +X1§§L . (G=4,5,06)
-1/2)

Qe-1) 7 'fk@i-lii-yxi’yi’%

where the barred vectors indicate the approximate solutions. For k=4,5,6

~
of
-k _ .
Agi1 = 8%, 7 (Fi-1/2>kj (G=1,2,3)
of B;
k i-1/2 .
. = —=|F, -0, . =
B21-1 ayi-l (Fl-l/z 4,]-2 4n )k] (] 49 5, 6?)

(D1)

(D2)

(D3)

(Equations continued on next page)

38



APPENDIX D

i G G=1,2 3;
21-1= 5y, = (Gi-1/2)y, j=1,2,
oy Bi-1/2>
Do =—=[G. -0, . (]=4,5 6)
EZi-l = Null matrix
qu_l = -fké(i_19Yi_1,xi:Yi’S>
J

Equations (C1) are related to equations (24) and (29) in the following manner. For

i=1
Cy= QL 7
D1 = Ay,
Eq = Null matrix
qp =11, J
For i=n

\

A2n = Null matrix

Bon = Qg

(D4)

5 ©s)
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where F; and Fg are null matrices added for a later programing convenience as
discussed in appendix E. Since they are null matrices at this point, they do not affect

APPENDIX D

The complete set of equations becomes

Dy Eq F1
Ca Dy Eg
Bs Cs D3 Eg Fg

Agi-1) Bai-1 C206-1 P2i-1 E2(i-1)

Agi_1  Bgju1  Cojo1 Doy
A2n-1 Ban-1 C2n-1
Agn Ban

any of the previous definitions in equation (29).

40

Egi-1

Don-1
CZn

¥1
X2

2

¥i

a—

4‘12(1-1) f

49i-1

2n-1

a
L 2

(D6)
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RECURRENCE EQUATIONS

If for convenience 6x; and Jy; are represented by X; and y;, a recurrence
solution to equation (D6) can be obtained based on the Potters method (ref. 9). To insure
nonsingularity, elements cqy, Cgg,and cg3 of matrix C; must not be zero. If
either c¢y; or cgg is zeroin Cjq, then row one or three of Cy, Dy, Ey, F;,and
qq must be interchanged with row one or three, respectively, of Bg, C2, Dg, Eg, and
d9. If cgg is zero, then several row manipulations must take place. First, row two of
Cq, D3, Eq, Fj,and qq is placedin row two of Bg, C2, D2, Eg,and qg; row two
of B2, C2, D2, Eg,and qg is placed in row three of A4, B4, C4, D4, Ey, and
qq; row three of A4, Bg, C4, Dy, E4,and q4 is placed in row three of Ag, Bg,
C3, D3, Eg,and Fg; and row three of A3, Bg, C3, D3, Eg,and qg is placed in
row two of By, Cj, Dj, Ej, Fjp,and q; to complete the cycle. Simpler substitu-
tions could be made for specific shells and boundary conditions but the preceding row
interchanges yield nonsingularity for all shells. Elements can exist in the F; and Fj
matrices of equation (D6) as a result of the row interchanging. Since C; is nonsingular
then

Xy = Pyyy + Q%9 - CilFlyz + Ry (E1)
where

p, = -c]'py

Q = -C1'E; (E2)

R; = C]lqy

and, in general
Xj = Po;_1¥i + Qi-1%,1 * Roj_1

(E3)
Vi = PaiXj 1 + Qoi¥; 1 + Roj
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where
Gy = [(ArPr_z +By)Pp_ + ArQp_p + c{]
-1
P, = G [:(ArPr_z +Bp)Qp.p + Dr]
> (E4)

Q, = -G E,

R, = G! AR AP B)R

r =G |[Ar - Ar r-2'< r¥r-9 + BrjRy_ 1

/
The exceptions (in addition to egs. (E1) and (E2)) are as follows:

At r=2
-1 -1
Q = -Gr (Ez - BaCy F1> (E5)
At r=3

Pg = P, + G5 'A3C] 'Fy

-1 (E6)
Xg = Pgyg + QgXg - G3 Fgy3 + R
At r=14
~1 -1
At r=5
“1, -1

Also at r =2N, A9y, DaN, Egn,and Egn.i are null matrices and equations (E3)

reduce to

Yn = Ra2n
(E9)

Xp = Pop_1¥n + Rapg

Thus, the procedure of solving equation (D6) is to sweep down the diagonal to solve for
yn and x, and then back up the diagonal using equation (E3) to solve for all x; and yj.
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The 3 X 3 matrix multiplications, additions, and inversions are performed by the CDC
library subroutine MATRIX as detailed in reference 17.
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PROGRAM LISTING
The program listing for the sample problem is as follows:

Preiad - SH340S (1 -FJUTe QuUulPUle TAPED= INPUT)

C IDY4= DVITs THr T~wuslenNT Ros2uinsk PrOBLEM

C Ivuyn=j INC_uU* » Treo Teeasicyl REs-yuN>E PRUSLEM

C IOy =2 T22 STaTie eJdcnbIne LO=U vl 8 CALCULLIED

C <Ay Is Toz e Tegv woroc~ ub Tlet STeRS wdlN Inye= i

£ Kax T3 Tus dadlvus vd-s32e or >TalIC ouCALING STEPS wHewn 10YM =2
C TYRF e gL T b s e Oy [fues

C  wTYRPE =l T 2 s e uihe

C CTYRE RS L T oz LN s mwemer

C GTYRFE Cddr s T o+ dimn ovegwr Iixy ddsT re SPeCIFLED IN GEOATY.
C IF L-CL = .+ T-r Lofi rC 13 A “ULr PULNT

C IF Lwe = - T Lefi ~G 1> Prvncw

C IF emCL = 35 (4 LoF1 ¢ i~ Flac

C IF LCL = 4+ 7-% Lofy L 1~ r~cok

C IF LnCL = » 1T+ Lord «C I s vki=Ic OF cLASTLIC CONTANTS

C 1F (=C=> = . TH" «luo=l =aC 1~ -+« Pule PJILnT

C IF L=L2 = . THr —j06T ~C L~ rlaney

C [F O = 2 T 48 o~ louni Cobs rlA)

C 1F L_"-C‘J = o T (SRR T BT G N Il o

C IF 150w = T 7 w13t 30 e st =X OF BELASTIC ConSTa TR
C PFoanai v =0 w Lo =t alius is osieliNcuy

C  IF w9 e =23 v L vu=2 mULlsibuy 15 UsTialNew

C IF 137 ~71 R e gsLew vlll sk SULVEY FUR OTHE STATIC LOaus FIRST
C LF IST T

=, 4 clir e 9l sreatmaraTs> AN VELJUCITLIES MusT SE OGIVEN
Chvrg /A0 7 =i & e Frlily Sune IS5 UK
Cere iy oL Gar -l (oa st mcHn AL (3e3)y OMELA~(3e3) s ALAMOUAR(393),
P O A O
(O I L SR OTUR I B
[ R I N
Crvmns s/ (- esss)e(sevsas)ei{cucaldeld)eil(2ucessel3)eb (2027¢343)
1 ~(Z Lesy
Chwrtin/ o/ Clie Uare ey Nity Ride K229 Dlite Dlcs D22
Covenr /- 7/ a2 ced)e rndy £35S
COAvid> (/. / Luvwe it e =2 te NULde WUgLs L4
Ch ezl o/ Laavyaae »vs e Nusb L de Corkw
Cwvau s 70507 <Cror)e=ml o rl)edril (10L)
Ch 2,V /at 317 a Fry1s dlrace Tie Tes LTtuP
Couze s Ly 2/ s
Caveny /Ui a/a (i e?)e 5 lavleg)e x3(10]1e2)
Loy i /ol o4/ US0 e uble e TThe an
Cha s L/
Ciyv vy s /i 0 o/ dir s
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DIMENSIUN X(
DIMENS ICNh XB
REAL LAMS
REAL NULT 2, NUL21, K11y Kl2, K22
REAL N12, M3, Ml2, M3, KBl2s K3
REAL LAM

1 FURMAT (12X, *THFE LEFT CMEGA MATRIX*,40X*THE LEFT LAMBDA MATRIX*,

1 //5x%(% 3{E12.59 SX)o*¥)(N) +(X3(EL12.5, 5X)*}(U) =% E12.5/

2 SX¥(% 3(E12.55 5X )2 %¥)(Q) +(%3(E12.5, 5X)*){HW) =% E12.5/

2 5X¥ (% 2(E12.59 SX)e¥) (M) +(¥x3{E12.5, 5X)%)(B) =% E12.5)

2 FURMAT (12X, *TFE RIGHT OMEGA MATRIX*,40X*THE RIGHT LAMBDA MATRIX*,
1L 7/5X%(% 3(E12.5y 5X)a¥){N) +{*¥3{E1l2.5, 5X}*)(U) =% El2.5/

2 SXE(% 3{F12.5y 5X 19 *¥)(Q) +(*3(E12.5, S5X}*) (W) =% El12.5/

2 SX¥{% 3(F12.55 SX)o*){M) +[{%3(EL2.5, B5X}*){(B) =% E12.5)

6 FURMAT (LOX ¢ I5y 204X, Flle5), 2(9X, 16)y, E15.5)

i FURMAT (&0F
1 )

13 FORMAT (/5 X, *STATION NUO#5X%U DOT*15X¥wW DUT*L5X%U DOTDOT*12X*wW DOTDO
LT®//(5%X,15, 4{5X, £15.8) ))

30 FURMAT (3UX*IF I0YM=0 THF SHELL IS LOADED STATICALLY#*/30X%1F [IDYM=1
LTHE SHELL 1S LCAUEND DYNAMICALLY*/30X*If IDYM=2 THE SHELL STATIC BU
2CKLING LLAL IS CALCULATED®//30X* OR THIS RUN, I0YM=%[20//30X%(NUMBE
3R UF STATICNS =%*I19//30X*MERICIAN/REFERENCE RATIO =% F20.6 //3CX
4 #RACIUS/REFERENCE RATIO =%,F22.6//7 30X, *THICK/ REF RAD KRATIO =%
5 Flbov //71OX*RL1/EDQ =% F20.6923X*E2/E0 =% F23.6//15X*4NU12 =*%F21.6
09 23XENUZL =%F24.6//15X3CU/ S0 =%F20.6423X%REF DIST =%F2Q0.6//40X*IF
SNUNLIN = 0 CNLY LINEAR TERMS ARE USED®/40X%IF NONLIN = 1 NONLINEAR
6 TERMS USEU%//40X%F0R THILS RUN NUNLIN = *156/)

b FTCRMAT (//74aXy #STATION Nuky 7Xe%N-S RESULTANTX,

1 5Xa*SHUAR FURCE* 47T Xy *¥—S RESULTANT*, 5X, *U-DEFORMATION®, 55X,
C2HW=DEFNRMATION®, 5X, *BETA ROTATIUNR//{4X [ 646X46{3X,EL15.7)17/)

Ul FORMAT(LLUXENG . OF ETERATIONS= *16, LOX*ERRDOR NORM =#E€15.8, 1CX*CYC
LLky THIS TT1FRATIUN =%16)

203 FURMATL S5 X o*%¥PLITI) =%{15%.3y3X,%PS{I) =*E15.8,3X*%SL{1) =%F15.8,3X
I ASL{Z2) =%E15.8,3IXESL(3) =%EL15,8/5X®LUALC CHANGES =%]b64y5X*%DEL =%
ZEG OB XS TTIRATILNS =%T6,4X¥N0 Ur CYCLES =%14,4X¥XNORM =%£1245)

117 FuRMAT(auXx, *THE MAXIMUM SHELL RISE IS *rF17.3)

11o +GAMAT (4uX, *THE SEELL THICKNESS =% f17.3)

231 FORMAT (SX#WMAY= *¥F15.8, 5X%*I= *16)

Al FURMAT (//40X%THE GEUAFTRY UF THE SHELL FOLLUOWSH/S5XASTATION NG*
1 aXxsMERTUIAN L1S% BXHERALIAL DISH*LOXFANGLE(RAND)*LOXXCURVATURFE(LCFI/D
25)%/)

242 FAORMAT (Oxy Ihy 405X, E15.61))

2024313
(202, 3)
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245 FURNMAT (/LOXSKCUNT® LoxX®=TAUS 12X*FOLL*

1 #CYCLESH 4X #XNURM*)
2ha FUINAT (51%)

NAAELIST/CIVEN/NTYPE, Ny ROy SU, HG,

LNCNL Iy CCNVy PRIC, L3LLy LRBCR, PP,
2 [OYM, FMAXy DTAL o 1y T2, ALFAL,
NAALLTIST/ZELRCL/ UMEGAL, ALAMCAL
WAMEBLIST/ELRER/Z GMEGAR,, ALAMDAR
DATA PI / 5,%415926535389793 [/
lul meAD GIVEN
1 { ECFy ») 2C1, 302
301 sS13P
30 LuNTINUE
PRINT GIVERN
wEAC T
PRINT 7
1f (LLCL «[Le B) READ £LRCL
[F (LRTH kG, £) REFAD ELAGK
{ A= HC/UERAR
SUA=SU/ (AR
CLUA=XG/Cm bR
tTA=0U/51CC
£l10= tL1/EL
EZO=t 2/FL
INCRIARNRTES
TpUCK=2C
KSTLr=0
1ACC=0
OAVE=0.
1417T=0
KUUNT=C0
ITfFw =
LUHANGE=C
XNGeM=0,
oP=pPP
UP»=PPS
DSL=SL{1)
DS22=SL{z)
us3=st (3)
DT1=0,.
LT2=0.
PRINT Puaa
CALL GECMTINYINTYPE)

46

12X *ITERATIUNS™

EC, E1
PPS, 35
ALFAZ,

'
Ly
IT

E?y
SKy
EMP,

NULZ2,

CHAR,
IFREQ,

5X%

NU21,

ISTART

SI1GO,



24U

21

i

i1

1

PRINT 8C,
NONLIN
us2=pDsrs2.
SMER=-CS
UEL = (PHI(2)~

PRINT 241
DU 240 I=1l, N
RI= k{I)+DS2%CCS(PHI{I))
FI= PHI{I)+CHEL

SHck=SMER+LS
PRINT 242,14 SMER, RI, FI,
ITFINTIYPL.NFL3) GO TL 211
2i] = RCA%(14=~CINS{RPH[)}I*ETA
LSUV = ZURICRRCA/(ETA%2,)
ZGA= IC/ET18
PRINT 117,
CUNTINLE
11=7(1)
PRINT 11&, TT
L=2%N

Li=tL—-1

LP3=DTA
FPS2=0TAU%R%?

duu 21 Jd=1,1
JL 21 p=1,2
XULD(Jd,ym)=C.
XB{JyM) =0,
X(JdeM)= L.

DU 25 T=1,AN
DL 29 M=1,2
X1(lyt)=0y
X2{1eM)=C.
AZ{Tym)=u.

ITER=0
WeYCLE=D

TAU=—[PS

LYEF =1TLR+)
NCYLLE=NLYCLE+L
CALL 8CCuN (LHCL,
1€ (ITER JNF. L)Y GO T 11
PRINT L, ({CU1lyaMyMVM),
PrRINT 2, (il LyMyMM),
CONTI UL

IDYVM, Ny SUA,

PHILL)) /2,

1CA

LHBCRy X,

RUA,

M= y3)1
MM=143),

APPENDIX F

LAM,EL1O0, £20,

DPHI(T)

ITER)

(55(LeMyMM),
(CLLyMymM),

NUL?

MW=1,3)'
MM=1,3),

NU21,

ETA,

SL{M),
SR{M),

CFAR,

N=113)
N=1'3)
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IF (ISTART EG. 1 ) CALL INITLIAL(X, LBCL)
IF {1STARYT JNE. 1 ) GO 7O 10
IF (ITtik -.EG- 1) GG TG 93
10 DO 84 I= 24N
CALL ABCULDES{I{Xy I, NCYCLE)
B84 CONTINUE
CALL FUNCTI{Xy N)
CALL PCTTER(X)
1IF (ITER LEC. 1) GG TO 94
XNORM=0,
DXSUM=0.
DO Y5 J=1,1
Du 95 M=1,3
XNURM=XNUORMEXCLD{ Jp M) %2
95 DXSUM=DXSUNM+X(J,M)*%2
IF {XNURM EGQ. Q.) G3 TC 94
ANORM= SGRT{CXSUM/XNIRM)
G4 DO %6 Jd=1,1
DG 96 M=1,72
Go X(JeMI=XLLL(JyP)
iF (ICYM™ JEG. C)
LPRINT 85y (ly (X{2%I=14J39d=1s3)y{X{2%1,4J)4J=143)41=1,N)
IT ({ICYM LEuae 0) JAND. (NCNLIN EQe 0}) G) TO 105
IF ({ICYM 604 0) JAND. (ITFR EQe 1}) CU TD 92
It (XNUkM EQe Co) CGJ TO 93
IF (ITER 0. 1) GO TC 92
IF ((NCYCLE +GTa IBLCKY) LANDL (IDYM LEC. 23160 TO 201
IF (XNCRE-CCHNV) 93, 93, 92
935 CONTINLE
TAL=TAU+EFS
IF ( MOLD({KCULMNTLIFRER) «NEe 0) GC TO 9
8 PRINT 85, {I, (X{2¥I-1yJddyJd=1e3)s(X(2%1yJ)syJd=193})sI=1,4N)
105 CALL ANSWERS(NTYPE, X, L8CL, LRCR)
IF (IP{KLUNT)} EQ. 1) GUL TO 103
I ((ICYM oFGa 1) «ANUD. [ MCOCUKOUNT,IFREY) LEQe 0)) PRINT 243
lus CONTINUE
IfF (IDYVM LEC., 0) GO TU 101
9 CONTINUE
LFINTYPELNEL3) GG TLC 206
wSUM= C.
DO 5 I=74N
J=2%1
S WSUMSWSUME{X{Jy2)+X(J-242))/2.%¥R(T1)XCOS{PHI(I) }*%DS
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DAVE=WSUM/ ZSUNM

200 CUNTINLE
IFCIDYMEQGL2) GO TO 204
IF (ISTARYT +t€€. 1) GO TO 12
IF (IP(KUGUNT) NE. 1) GU TO 3
DO 4 J=4,1,2

DC 4 M=1,2

I=4/2

XJd={(X{JsM)+x{J=-2,M)}/2.

XD = 11e®XXJ~18.%XL(L1,M)+9, #X2(I M) —2.%X3({1,M)) /(EPS*6.)

X1(I4M)=XxJ
4 X2{1+M)= XD
12 ISTART=0Q
NCYCLE=C
INTT=KOUNT
fACC=1
DU 26 I=24+N
CALL ABCUES({X, 1y NCYCLE)
J=2%]-1
DU 206 M=1,2
AX=0,
BX=0,
Cx=0.
CX=0.
EX=0.
D3 24 NMM=1,2
AX= AX+A(J g My MMYIEX{J—-2,MM)
BX= AX+0{J s M MMYEX(J-1,MM)
CX= (X+L(J o Mg MM IEXLY y MM)
UXxX= DX+L{J p MgV YEX{J+], MM)
I# (I +twe N) CU TO 24
EX= [LXt+tE(J g Mg M) EX(J+2,MM)
24 LUNTINUF
20 A3LIaM)=AXAEX+OXHDX+EX=S(Je M)
PRINT 14¢ (Ty X20Ields X201 92) s X3UT41)y X3(142)s 1=1,N)
PRINT 243
1ACC=9
5 CUONTINUF
[F {1UYM +tCe 1) PRINT 6, KCUNT, TAU, CAVE, ITER, NCYCLE, XN(UORM
wLYCLE =0
KOUNT=KLUNT+]
I (KiUNT G (KMAX+1)) GO TO 102
IF {1uY# FGe 1) GL T G2
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234 CCaTINUFE
I (Iouyr JNF. ¢ ) GU TO 102
Pl Sily 11, T2
Yl FERMAT{HA,y %TLl= % Flb.Ty SX¥T2=%F1%5.17)
WMAR=O,
DL 230 1=1,N
J=2*]
1P IX{Je2) LCGE. WMAX) GU TO 239
=1
WMAX =X{Jdy?2)
235u CUNTIRLL
PEIAT 221 4wrAX, IC
RLUNT =KLULRNT+]
IF (NnTYPe JNEL 3} CAVE= AMAX
P INT 2\j.’1" FF, PPS, (SL({)y I':lv3)1 LCHZ\NGE, UAVty ITER' NCYCLF,
1 Xwor
IF ((NTYPE JFGC. 3) AND. {ABS{DAVE) GT. 2.0)) GO D 101
201 UNE=1.
IF {KOUANT «CT. KofAX) Gu TUO 102
IF {LCRANCE LJfGCs 5) UONF=—1.
PP=PP+DPFONE
FPS=PPS+UFS*¥INE
SLUT)=SL( 1)+ S1%0NE
SL{21=SL{2)+LS22*CNE
SLERY=SL(3)+N S 2HUNE
T1l=TL+UTLAONE
T2=T2+u12 %{N\¥
ITF ((KSTUP LEC. (KOUVT=2)) JAND . {LCHANGE LC0Qe 5)) ONE=-,.5
IF ((KSTUFP €. {(KOULNT=2)) ANDS (LCHANGE JEQ. 5)) Gu TO 22¢
NGMCHINY =]
If INCYCLE JLE. TRUCK ) GO TC 202
UG 205 I=1,N
J=2%1-1
DU 0% ME1e?
XLL2{Jy L)=Xx111,M)
XULD{J2)=x201,M)
XULD{Jy3)=Xx2(1,M)
295 J=Jd+1
22t CONTINUL
KSTOP= KUULNMNT
NONCUNV=G
PP=pp -2 *CNE
PPS=PPS—LPS%2 J*CNE

50



298

210
224

292
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SE{L)=SL(1)-NS1 *2.=%3INE
SL(2)=51L(2)-0%22%2.%INE
SLL3)=SLL3)-DS3 #2,%*0NL
TL1=T1=-CT1%*2.%CNE
12=12-072%2.%CNL
DPS=DPS/5 .

pP=0DP/ S,

uS1=DS1/5.

DS2=DS22/5.

US3=DS3/5.

CT1=0DT1/5%.

pT2=pT2/5.
LCHANGE=LCHFANCF+]
IF({LCHANGE.EQ.S) GO TO 215
if (LCHANCE JEG. 6) GO TU 101
GU TO 224

CCNTINLE

PP=pPP-DP

PPS=PPS-DPS
SL(i)=st(1)-C¢S1
SL{Z2)=8SL(2)-6S22
SL{3)=SL(3)-CS3

T1=T1T1-0DT1

12=12-012

DG 216 I=1,4N

J=2%[-1

DG 216 M=1,2

X{Jdp 1) =XL T gM)45, % (XL {144} =-XB{Jy1))
X{JeZ) =Xz (TaM) 45, (X2 (1 ,M)=-XB{Js2))
X(Jde3)=Xxs{TeM)Ie5,. (X311 4yM)=XB{J,y3))
XCLD(Js1)=X(Js1)
XULD{J2)=Xx(J,2)}
XOLL(JS 932 =X{Jdy3)

J=Jd+1

CONTINLF

PP=PP+0P

PP>=PPS+ULPS
SLi1y=StL(1)+necl
SLEZ)=SL{2)+4LS22
SL{3)=SL(3)+L¢S3

11=T1+CT1

T2=T2+0717

NCYLLE =0

51
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207

102

52

DO 207 I=1,4N
J=2%*]-1

DO 207 M=1,2

IF (NONCCONV LEQ.
XBUJyL¥=X1(I,M)
XB{Js2)=X2(14M)
XB(Js3)=X3(1,¥)
X1(I,M)=X{Jd,1)
X2{14M)=X(d42)
X3{I,sMI=X(J+3)
X(Jyl):XL»LE(Jvl)
X{J+2)=XxX0LD(Js2)
X{J43)1=X0LE(J+2)
J=J+1

GU TO 92

GG T0 1G1

END OF PKCGRAV

APPENDIX F

0 ) GO 70O 209
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46

23
11
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SURROUTINE PCTTER(X)
THIS SUBROUTINE SOLVES A FIVE ELEMENT BANDWIDTH DIAGCUNAL MATRIX
WHERE EACH ELEMENT IS ITSELF A 3X3 MATRIX. THE SOLUTTION IS BASED
CN POTTERS METHCD.
CCMMON/BL1/ ROA, N, PHIOD, S0OA, DSs DR
COMMON/BLS/A{202+343),8(202,3,3),0{202+3,3),D(202+3+3),F(202,2,23),
1 S(202,3)
COMMON/BLT7/XCLD{2C2+3)y EPS2, EPS
CCMMON/BLB/ LAM, F10, E20, NUlZ2, NU21, ETA
CCMMON/BLY/ 1IDYd, KMAX, NCNLIN, CHAR
CCMMCN /BL10O/ R{1C1),PHI(1CY1),DPHI(101)
CIMENSION X(202+3)
CIMENSION AA(3,3), BB(3,3), CC{(3,3), DD(2,3)y EE(3,3), FF(3,3)
CIMENSTION SSU3), F1(3,3), F3{(3,2)y P(3,43)y Q(3,3), AR(3), G(3,3)
L=2%N
Li=L-1
DO 46 M=1,3
CO 46 MM=1,3
F1{M,M4)=0,
F3{M,MM)=0.
TF (NONLIN .EQ. C) GC 7O 11
IF (C{1,2+2) LEQ. 1.) D(1,2,3)
IF (C{142+2) +EQe 1) Cl1,2,1)
IF {B8(L,2,2) JEQ. 1.) BlL1,2,1}
IF (R{L,2+42) FQ. 1a) C{L,2,3)
BC 23 J=2,1L1
ClJs1,3)1=C(Jy 13 04(X{J+2,3)4X{Jy3))/(4.%ETA)
EQJe 2931 =E0J s 1204 (XTI+2,3)4X(J43) )}/ (4.*FTH)
J=J+1
I={J+1)/2
CRI=DPHTIL(T)
CSR= COS(PHICI)}/R(T)
D(Jy193)=D1{Jd9143)+ DFI/(2.¥ETA)¥X{Jyi)
ClJy1y1)=ClJyl,1)+ DFI/(2.%ETA)*X{J+1,3)
B{Js1,3)=BlJs1+30+ DFI/{2.%ETA)EX(J=-2,1)
AlIy1y1Y=A0Jy1,1)+ DFI/{2.%ETAYXX(J-1,3)
CUJ92+31=D0Jy2,2)+ (CSRA/(2.%¥FTAY+1/{ETAXDS) ) *X(J,1)
CUJy2,1)=ClU42,2)¢ (CSR/(2.%ETA)+1 o/ (ETAXDSII=X(J+1,3)
PlJ9293)=8B0J49292)4 (CSR/(2.*ETAV=-1/(FTAXDS))I*X(J=,1)
AlJy2,1)=A0d92+1 )04 (CSR/Z(2.XETAY =1L/ (ETAXNS))EX(Y=-1,72)
CCNTINUE
CO 76 K=1,3,2

DU1,2+3Y4X(1,2)
Cll,2,104X0(2,23)
=B(le2v])"’X(L'%)
ClLy2,3)4X(L1,1)

o~ i
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77

75

79

54

IF {C{1,KsK}

.FC.

0 77 M=1,3

FlK,yM)=
C(KyM)=
CllyKyM)=
T{l1yKM)=
F{l 4 KM)=
il KeM)=
F(2:KyM)=
r(?,KpM)=
CU2,KM)=
F(Z29KM)=

AR(K)=S(1,
S{2,K)
AR(K)

S{l.K})=
S(24K)=
CONTINUFE

IF (C{1,2,42)

Cll,K,¥)
CllyK,M)

BL2:KsM)
C{24K,M)
D{24K,M)
E{2,K,V)
PIK M)
QLK M)
O.

Oe

K)

«EC.

73 M=1,3
F{24M)=C(1,y2,M}
CUZyM)=D(1,2,M)

C{le2,M)= A{3,3,M)
r(levM)= B(ByB'N)
El1y2,M)= CL2,3,M)
F1{ 24M)= D(?y%y“‘
A(3,3,4)= 0.
F(?«”.,“/‘): A((4731N)
C{3,3,M)= Bl4,2,M)
T{3:3,M)= Cl4,3,V)
F(?\,S,M’= D(Q"“,N‘
F3( 2,M)= E(4,3,M)
L(4,324M)= C(2,24M)
Pl4s3,M)= D{2,2,V)
Claqs39M)= E(Z2,42,4¥)
D{4,3,M)= 0.
Fl4y3,M)= 0,
E(Z4,24M)= PL2,M)
ClZy2,M)= Q{2,M)
C(Z2+y2,M)= 0,
F(?y?yw,= Oo
AR(2)=5S(1,2)
S{1,2)= S(3,2)
S{343)= S{4,2)
S{4,3)= S(2,2)

1.)

1.}

G0 7C

GO T

APPENDIX F
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59
53

S{2+,2)=AR(2)
CONTINUE

CO 51 M=1,3

£0 52 MM=1,3
CC{MyMM)= C(]1, M,MM)
DD{M,MM)==D(1, N,MM)
FR(M,MM)==FE{1, M,MM)
SS{M)= S{1,M)

CALL MATRIX(1D, 2, 3,
CALL MATRIX(20, 3, 3,
CALL MATRIX{(20, 3, 3,
CALL MATRIX{(20, 3, 3,
CALL MATRIX{20, 2, 2,

U0 54 M=1,3

0 55 MM=1,23
FllyMyMM)= FE{M,MV)
CCAM MM )= C(24,M,VMN)
RB(M,MM}= B2, V,VM)
S{1yM)= SS(Mm)

CALL MATRIX(20, 3, 3,
CALL MATRIX(20, 3, 3,
CALL MATRIX{Z21l., 3, 3,
CALL MATRIX{10, 3, 3,
CALL MATRIX{(2Z2D, 2, 2,
CALL MATRIX{20, 2, 3,
Lo 58 M=1,3

N 539 MM=1,3

1

3
9

r
14
Al

Dy

2
2

?
*

CC,
CCy
CcC,
cC,
CCy

BB,
BB,y
Gy
Co
BBy
HR'

APPENDIX F

3y CFF)

2y DDy 34 DD,
3, EFy 3, EE,
3y Fly 349 Fl,
3y SSy 345 S5,

3y SS, 3, SS,

3y DDy 3y G
3, CCy 3, Gy

3, GFE)

i, BT, 37 D0y

3, Flv 1,’ Aﬁ,

DD{MyMM)= —CC(M4MMY=D(2,yM,yMM)

FE(My,MM)=

SSIM)= =SS(NM)I+S{2,M)

CALL MATRIX(20,
CALL MATRIX{(20,
CALL MATRIX{(20,
Ll=L-1
£0 64 J=3,L1
DO €5 M=1,7
NG 56 Mp=1,3

’ Q!
1 3'
! 3'

jS IR EY IRV

3
3
1

14
14
r

DUJ-1, M, MM)=LCREM,MA)
EfJ-1, M, MNI=FE(M,M")

AA{M, MM)= A(J,VN,NMM)
RBIM,MM)= B (J,yM,MM)
PIMyMM)= D(J=2,4V,MM)

Gy
Gy
Gy

AB(MyMM)=E (2, MyN¥M)

3, DDy 3, DD,
3, EEy 24 EF,
3y SSy 34 SSy

2)
2)
3)
2)

~ L'
—

N o)
-

3)
?)
3)

55
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€5

67
69

63

63

56

Q{M,MM) =
AR{M)= S(J-2, V)
S(Jd-14M)= SS(M)

CALL MATRIX(20, 2,
CALL MATRIX{(Z20, 2,
CALL MATRIX{20, 2,
IF (J «EQ. 3) CALL
IF (J .FQ., 5) CALL
CALL MATRIX(Z21, 2,
IF (J .EQ. 4) CALL
CALL MATRIX(ZD, 2,
CALL MATRIX{20, 3,
CALL MATRIX(20, 2,

00 60 M=1,3

DO 67 MN=1,3

CiM,MM)=
DO(MMMY=—EE(M,VM)

IF (J +EG. 3) DCC
IF {(J «EQ. &) TL{
FE(M?MM)= "E(J, P"y

IF {J .EQ. 4)
CONTINUF
SS{M)= S{JyM)=-2R{M)
CALL MATRIX{10, 2,
CALL MATRIX{Z20, 2,
CALL MATRIX{(20, 3,
CALL MATRIX(Z70, 2,
IF {J FGU. 2} CALL
CONTINUE
LN AB M=1,3
ro 69 MM=1,2
T{L1yMyMM)=
P{M,MM )= D{L-2,
QiVM,MMY=E(L-2,
PR(M MMY= BLM,NV)
RA(MsMM Y= A(L yM,NMVM)
CCUMyMMY= C{L M, MV)
PRAIM}= S({L-2,M)
S{Ll, M)= SS{M™)
CALL MATRIX(ZO,
CALL MATRIX(ZD,
CALL MATRIX{Z20,
CALL MATRIX(21,

)

3
EX)
R}

3,

E(J=-2,¥,

APPENDIX F

MM )

3y
3y

P,
Qe
AR,

3y
3y
3y
3y
3y
3,
3y
3.
3y
EX)

Py

Qy
AR,
AR,
Ap,

BR,

Be,
DTy
EE,
$S,

3y 3y AA,
3, 3, AA,
3y 12 AA, 3,
MATRIX(20, 3, 3,
MATRIX{20, 24 3,
2y Oy Py 3, RB,

MATRIX (20, 3y
3, 3, BR, DDy
3' %, PE, EE'

2y 1, BB, SSy

3y

D)
3
3,

DEAM, MM+ Q{MyMM)$CTI oM,y MH)

3)
2)
2)
2y
3,
2)

2y

3)
3)
2)

- DU JyMaMM)

M, ¥M)= DDI(M,MM)4+AA(M,MN)
My MMY= DOIMy,MMI+AL(M,MNM)
MN)

-SS{M)
2y Oy
2y 2,

GEE)

Do, 3,
3, 3, G, EF, '%,
?, l, G, SS! "
MATRIX{Z20, 2, 3, 3,

Gy

Gy DOy

FE,
SS,
Gy

W W W

Ne e e

CO(NV, MM}

MM

Moy

Fy

Gy

AR,
KR,

3,
3y

3y
3
! AR, 2,
39 Dy Py BBy 3,

2
2
2)

FEANMyMMI= —E(Jy M MM +AA(M, MM}

(RS ILVS IRV I V)
- -

y

3}

Fl,

F3,

F3,

£z,

EX)

EX)

EX

i

’

AR,
AR,

AA,

F3,

3)
3)

3)

3)



71
70

32
30

33

36

35

39

33

40
34

CALL MATY
CALL MAT

RIX{20y 3,
RIX(20y 2,

2y
3y

EC 70 M=1,3

CO 71 MM=1,3
C(My,MM) =
SS({M) =

CALL MATRIX{10, 2, 2,
CALL MATRIX{20, 3, 3,

£3O 30 M=1,3
€3 32 MM=1,3

CD(M,M1)Y= D(LL1,NM,M4)

X{LyM)= SS(M)

CALL MATRIX(20, 3, 3,

CO 33 M=1,3
X(LI,M)=
L0 34 K=2,L1
J=L-K

Cn 35 M=1,3
N0 36 MM=1,2
F{M,MM) =
C(M,MM)=

SS{M)+S(LY,y M)

DlJIyMyMM)
ElJeMyMM)

PRIM)I= X(J+1,M)
SS{M)= X{J+2,V)
CALL MATRIX(20, 2, 3,
CALL MATRIX(20, 3, 3,

L0 39 M=1,3
X{JyM)=
IF (J .GT., 3)
IF (J +EQ. ?2)
N 38 M=1,3
SS(MY=
1F (J «EQ.
1F {(J .EQ.
[N 40 M=1,3
X(J,M)=
CCNTINUE
Do 22 J=1,L
CC 22 M=1,3

X(J+3, ¥

X(Jd,M)-

GC 170 34
GC TN 34

SS(M)

1,
3,

Oy
1,

1
-

1,
1,

8e,
BB,

Gy
Gy

DCy

P,
Co

ARIM)+ SS{MY+ S(J M)

1) CALL MATRIX(20,
3) CALL MATRIX(20,

XOLDLIyMI=X{J,M)+XOLD 1S, M)

FETURN

END OF SUBRCOUTINF PCTTER

APPENDIX F

3y

3,

3,
3,

3

2,

EX]

BX)
2y

SS,
00D,

DD(M MM I+Q UMy MM) +C(Ly My MM)
S{LyM)-AR(NM)-5S(M)

GFE)
SSy

SSy

AR,
SSy

3y

EX)

3y

3

3y
3y

’

1,

SS,
DDy

SS,

SSy

AR,
SS,

Fl,
£3,

3)
2)

3)

$S,
SS,

2’ QS, 17

57
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APPENDIX F

SULARLJT INE ARCLESIXs Ty NCYCLE)
THIS SULGKRLCLTINE DEFINES ALL ELENMENTS OOF THE Ay, By Cy D AND E
MATRICLES AS wELL AS THE S VICTOR WHICH IS EQUIVALENT TQO THE Q
VeECTCR I% Thi LSERS MANUAL
cedol /L l/ wCAh,y I’\y DIy S’—:A, DSy DR
Coarul/ngL3/ee, T2ACC, INIT
Cavin/BLas/bps
CUMT IS AL/ MP2C2:3,3)33(202,3,43)5C1020293,3),0{(2C2,343)4,E{202234+3),
S(202,3)
CUMMuin/PLe/ CL1, C12, C22y Kll, K12y Kczy D1ly D12, D22
CLMPCN /L T/XCLE(202,3), EES2, EPS
CuMburl/ el 8/ LAy E10y E20y NULZ2y NU21, ETA
LU SYus/8L9 7 LCYN, KNVAX, NCNLIN, CHAR .
CLAde . /3107 FL1C1)4PHI(101),DPHI(L0L])
CUMMON/RLLL/ALTAL, ALFAZ2y Tl, T2, ITEMP
Comr /ML 1 e /KCUNT
DICALERS IOy X(2C243)

~REAL NulZy NUP2L, Klly K12, K22
KEAL NLZ2y N3y, ¥12, M3, K312, K3
RLAL LAW

J= 2%{1-1)

CALL STI+(1ly LAM, E1Dy €20, NUL2, NU2L)

UK = {(C1I*D11-K11*%2) /LAM*ER2

ETANUS= ETA/(1.-NL21#NUL2)

LTAL= ETa/LAV

GL2= CLK*LAVXZ

GL4= GL2%LANME%2

NLZ2= (C12%C11-KL1L#*K12)/GL?

Ml2= (K12*%CL1-K11%(C12}/COK

El2= (2.%C12%K11*K12-C12*%C12*%D]1-C11%K12%K12)/GL2
KBL2= (C12%K11%012-CLl2%C11¥K1I2+K12%K12%K11-K12*C11*%D12)/GL?2
NA={KL12*%011-K11*D123/GL4

M3= (D12*%(11-K11*K12)/GL2

BE3={KlI*k]1z¥K1z— C12%¥7011%K12 +C12%N12%K11-C1l1*D12*K1?)/GL4
K3= (2.%01e*K 112K ]12-D11#K12%K12-C11%D12%D12)/GL 4
VE={(ULI*Clz— K11%K12)/GL2

UR= (K11*%L12-C11*K12)1/GL2

Be= (KL1®L12-Cl1%*K12)/CGL?

BK= (Cl1%#L32-K1L1*K12V/GL2

RIE= R{T)

FI= PHI(L)

DEI=uPHI(I)
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CS= COS(FI)

SN = SIN(FT)

CSR=CS/R1Y

SNR=SN/RT

INI=FL10%FTANLS*(ALFAL1+NUI 2%ALFA2)* TDZ(I)
TN2=F20%ETANUSR(ALFA2+NUY2 LHALFAL)® TN7 (1)
TMI=F10%ETAL ¥ {ALFAL+NULZ2*ALFA2)XTZDZ(1)
TM2=F 20*FTAL R {ALFAZHNUZLI*ALFAL)*TZID7HLT)
AlJsy1,1)=0,

A(J,1,2)=C,

A(J11y3)=0-

Al{Js241)=C.

8{Js2,+21=0.

2{Js243)=0.

AlJs341)=0C,

AMJe3,2)=0.

AlJy32,3)=0.

P{Jy1l,1)1=-D11/7{(CL?%*2,)

P(J11'2)=C-

f{Jdy1,31=K11/(CCK*2,)

FlJy2,1)=0.

R(Jy?2,+2)=0.

F(J,”,?): Q.

RUSp3410==K11/7{CL2%2.)

F{Jds3242)= 0.

P(Jy2,2)=C11/{CCK*2,)

Cldelyeld= -1./0S+4LE*XCSR/2,

ClJdy2l42)= (DFI+LEASNR)/2.

ClJy1,43)= CSR*UK/2.

C{J4y?2.1)= -DFI/2.
ClJ9242¥= -1./DS
ClJs24+43)= = F
C{Jy2y1)= BEXCER/2.

C(Jy‘a’?_)': BF*S'\p/Zo
ClJe34+3)= —1./DS+RKRCSR/2,
NUJeyl 1 )=-D11/7(GCL?2%?,)
D{Jyls2)= O.

C{Jdy14301= KY1/{CCK*2,)
C{Jy2,1)=0.

C{J,?242)=0.

LlJy2,3)= 0.
C(Js3y1)==K11/{CL2%?.)
£(Jy3,2)= 0.

59
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D{Je3,3)=C11/(CDK%*2,)

E(Jd,14e1)= 1,/DS4UER(SR/2,

E(Jylse2)= (DFTI+LE%SNRY/2.

E{Js1,43)= CSR*UK/2.

E(ds2411= -DF1/2.

F{Js24+2)= 1./DS

E(J1273)= -e5

F(Jy3+1)= BEXCSR/2.

F(Jsy3,2)= BE%SNR/2,

E{Jy243)= 1./DS+BK*CSR/2,
S{Js1)=D117 (L AM¥%2%CNKI*TN] -K11/CNK*TM]
S{d4,2)=0,

SlJde3)= KIL/ZELANMEXDXCOKI®TNLI-C11/COK®TM]
IF (NONLIN +EQ. C) GO TO 10

SUJel)= S(Je1)= IXUJ42,3)14X(J,3))%*2/ETA/R,

J=J+1

Aldylyld= ~1./DSHCSRF(1.-N12)/2,
AlJds1,2)= OF1/2.

AlJsy1,3)==CSR% N12/2.

AlJ42,1)= ~{DFI4SNR* N12)/2.
AlJsy2,2)= (-1./DS+CSR/2.)
A(J,y2,3)==SARXN12/2,
AlJy3,1)=—CSR%®NZ/2,

Aldr342)= = S/LANMEED
AlJ,3,3)=-1./0S+CSR¥*(1.-M3}/2.

F{JsLyld= —(ELZHC?2)*CSR¥CSR/2,
Fl{Jyl4?)= ~(F124C22)%CSR¥SNR/2Z,
B{Jy1e3)= (KRLZ4K22}*CSR®CSR/2,
R{Jy241)= ={E12+C22)*[SR*SNR/ 2,
FlJ,2,2)= —{ELZ4CZ2)I*5NR*SNR/2.

P(Jy243)= (KB124K221%CSRESNR/ 2,
FlJ,2,1 )= ~CSR¥CSRE{EB+K22/LAM%%2) /2,
DlJyR92)= ~CSRESNR¥LE3I+K?2/LAMXR2} /2.,
Blde3s2)= CSRHECSR*IKI+D?P/LAMXE2) /2,
ClJy1s1l)= 1./70S+4CSR#*(1.-N12)72.
ClJy142)= NDFI/2.

ClJ,1,3)=—CSR¥% M12/2,

C(Jy2,1)= —(DFI+SAR® N12}) /2.
ClIe242¥=  1./ESHCSR/2.Y)
ClJy2+3)=-SNREN1Z2/7,
C(Js3,1)V=—CSRENZ/Z,

C(Jy342)= —,S/7LAMERD

ClJde3,3)= 1./NS+CSPER{1.-43)/2,
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D(Jslsl)= —(EL12+¢C22)%CSR®CSR/2.
D(JebLs20= —{EL124C22)*CSR*SNR/2.
D({Jslys3)= (KB12+4K22)*(CSR¥*CSR/2.
D{Js2y1)= —(E124C22)*CSR*SNR/2.
D{J9292)= ~—(E124C22)%SNR*¥SNR/2.

D{Jde243)= (KEL12+#K22)Y*LSRESNR/2.

D{Je3y1)= —CSR*CSRF(EZ+K22/LAMXE2) /2.
D(J93:s2)= —CSR¥SNR¥(E3+K22/LAM%k%2)/2,
D(Je393)= CSRECSRE(K3+D22/LAMX%X2)/2.
£E(Jy1,1)=0.

E(J+ly2)=C.

E(Js1,43)=0.

E(Jy2210=0C.

E(Js2423=C,

E(Js2s2)=C.

E(J,B,l)—‘-O.

E(Jds3,2)=Ca

tE{Js3,3)=C.

S(Jdsl)= —PSH{T) +CSREINIZHATNL+M12%TMI-TAN2)
S{de2)¥= —PLII) +SARH(NIZX*TNLI+ML2%TM1I-TN2)
S(Je3) = CSRERHINBHTNL+MIETMLI-TM2)

IF (IDYM .NE. 1) GO TO 83

If (IACC EC. 1) CGC TN 82

AlL= Z./7EPS2AT(T)

IF {(KUULNT .EQC. INIT) AL=0.

IF {KUUNT LJEQe INITH+L) AL= 6./EPS2*T(I)
B(Jdalyl)=B(Jdy1y1)-AL/2.
DiJslyl)=Lldslsl)-AL/2.
blJe2,21=8(dy292)-AL/2.
D(J13v2)=l")(J92v2)—AL/2-

CUNTINUE

I+ (luyM EGCe 1) CALL CYNAMIC(S NyJy Iy NCYCLE)
IF (NIONLIN FfCe Q) G TO 34

S{Jeld= S{JI)-DFL/ETARIXUd+L, 3)%X{J, 1) +X(J-1,3}%X(J-2,1))/2.
SUJe2) =S0ds2)—CSRAFTAR(X{II+143)5X{dy LI+X(J~-1,43)%X(J=~2,4,1))/2.—

i (X041 3) %X {ds L)=X{d=-1,3)%X(J=-2,1))/ETA/DS
CONTINUE

RETURN

£ UR O SUBRUGUTINE ARCDES

61



62

20

192

70

59
60

APPENDIX F

SUBROUT INE GECMTY (NTYPE)

THIS SURROUTINE CALCULATES THE GEQMETRY AT THE STATION MINPOINT(I-1/2)
IF NTYPE = 4 THE LSER AUST DEFINE R{I), PHI{T)} ARD DPHI(I) 36
CNFRESPOND WITH FIS DESIRED GECMETRY., THESE DZFINITICNS SHOULD BF
LOCATED BETWEEN THF LA3BCL STATEMEANTS 50 AND 50.

CCMMON/BLYZ RCA, N, PHID, SOA, DS, DR
CC¥MOCN /BL1O/ R{1C1},P41(101),CPRI(1DL)
COMMON /BL14/ DSZy DEL, RPHI, AN
CATA PI / 2.141E5G2€53582793 /
PPHY = PHIONX* PT / 1R0,0
Ni= N-1
AN =N1
IF (NTYPF L NE. 1 ) 60 T0 10
THE SHELL IS A CYLINDER WHEN NTYPE IS 1
CS = SOA/ AN
£ 20 I = 1,N
F(I) = ROA
PHI(T) = PPHI
TPHI(I) = 0.0
c0 79 40
IF (NTYPE JNEFo 2 Yy G3 T 30
THE SHELL IS A CONF WIEN NTYPE IS 2
LS = S7A/ AN
R = BS % CCSIRFFT)
P{1)=ROA-DPR/2.
FHI{1) = RPHI

CPHI(Y}Y = 0.C

ro 401 = 2, N

FLI} = R(I-1} + CR

FHILI) = RPHI
CPHI(I) = 0.0

g 70 60

TF (NTYPF .NE. 2) GU T3 50
THE SHRLL IS A SFFFRICAL CAP WHEN NTYPE IS 2
SOA = ROA*RPHI

CS = SOA/ AN

NFI=RPHI /AN

AOR=1./ROA

TPHI(1)=ACR

FHI(1) = -DFI/2,

F(1) = ROAXSINIFFIC1))

CO 70 T=2,N

FHI(I) = PHI(T -1) + DFI
FLT) = ROA x SIN(PHI(TI))
CPHI(I)=ACR

GO 70 50

IF {(NTYPE .NE. 4) GC TN 60
RETURN

END 0OF SUBROULTINE GECIMTY
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SUBROUTINE BOCCAN(LBCL, LBCRy Xy ITFR)

POCCN DEFINES THE BOUNDARY CONDITICNS TO RE USED.

CCMMON/BL1/ RCA, A, PHIQ, SOA, DS, OR

CCMMON/BL? /CMEGAL(2,3), ALAMDAL(3,3), MTMEGAR(2,2), ALAMDAR(3, 2),
SL{3), SR(3)

CCNNFN/BLS/A(202,?93)93(2021313)yC(20203,3)yD(702'?93’y5(202q3:?),
S{202,3)

CCMMON /BL10/ R{INDL),PII{1ICL),OPHIT1OY)

CIMENSION X{2C2,43)

FATA Pl / 3.,1415G2€52589762 /

L=2%N

Ll= L-1

to 1 J=1,3

TN 2 K=1,3

t(I'JvK’=O.

B{1,J,K)=0.

CllyJsKI=C,

C{1,J+K)=0,

F(lonK)=C.

E(2%NyJyK)=0.

BL2%N 9y K}=0.

C(2%N,JsK)=Co

C{2%N,JsK)=0.

F(2%5Nsd s K)=Co

S{1,4)=5S0LJ)

S{2%EN,JI=SR{J)

IF (LBCL WNF. 1) CO T0OO 3

IF {(ITER LEQ. 1) PRIANT 4

FORMAT{ 40X, *THE LEFT SDUNLCARY CONDITICN IS A POLF POTINT*)

Cll,1,1)=1.

C(lv?y?,=1.

E(11313)=1.

cc 10 9

IF (LBCL o NF. 2) CO TO 5

IF [ITER LEQ. 1) PRINT 6

FORMAT(40X, *THE LEFT 2IUNDARY CONDITION 1S PIANFD®)

rL{1,1,1)=1.

C{1,7,42)=1,

Cli,3+3)=1.

cC 10 9

IF (LBCL JNF. 2) CO T0O 7

IF (ITER .FQ. 1) PRINT B

63
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FORMAT({ 40X, #TFE LEFT S8OUNDARY COUNLCITICN IS FIXED*)
T{l,1i51)=1,
N{1,2,2})=1,
E(lyByB’zlo
€0 13 9
IF {LBCL JNF. 4) CG TO 13
IF {TTFR o EQe 1) PRINT 10
FORMAT{ 40X, *TFE LEFT BOUNDARY CONDITION IS FREFX)
C{ls1lsl)=1.
C{1,242)=1,
C(1:3+3)=1.
S{le2¥= SUL42V-X{1,11%X{2,3)
CC ™M 9
IF {LBCL WJNE. B) GO 7O 9
IF (ITER LEQ. 1) PRIAT 20
FORMAT{ 40X, #THF LFEFT BOUNCARY IS AN ELASTIC CONSTRATHNT®)
N 21 M=1,3
DO 21 MM=1,3
CL{1 My MM I=OMEGAL (M, M4}
DU My MMI= AL ARD AL (M, MM}
IF (LBCR WNE. 1} GO T2 11
IF {ITER LEQ. 1) PRINT 1Z
FCRMAT{ 40X, *¥THE RIGHT BOUNDARY CONDITION IS A POLE POIMT*)
C{2%N,1,1)=1.
FUZXNs2,2)=1,
C{2%N+34,2)=1.
GO TN 17
IF (LBCR WNE, 2) €G3 T0O 13
IF {ITER LFQ. 1) PRINT 14
FORMAT{ 40X, 2THE RIGHT BOUNDARY CONDITION IS PINRID)
C{2%MNy1,1)=1,
f(?*N,Z,E!:I.
PL2EN3,2)=1,
¢ TN 17
TF {(LBOCR JNE. 3} €O T 15
IF {ITER «EQ. 1) BRIANT 15
FORMAT({ 40X, *THE RIGHT BJIUNDARY CONDITION IS FIXED®)
ﬁé?*quyl)glo
ClZ2%N+2,20¥=1,
C{2%N,3,3)=1.
GO 1317
IF (LBCR WNFE. &) CO 19 22
IF (ITER LEQ. 1} PRINT 13
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FORMAT{40X, *THE RIGHT BOUNDARY CONDITICN IS FREE#*)
E{2*%N,1,1}=1.
B{2%N,2+2)=1,
B{2%N,3,2)=1.
S{Ls2)=S{L,2)-X{L1,1}%X{L,3)
¢4 10 17
IF {(LBCR .NE., %) GO 10 17
IF {ITER .EQ., 1) PRINT 23
FORMAT{ 40X, *THE RIGHT BOUNDARY IS AN ELASTIC CONSTRAINT*)
DQ 24 M=1,3
LG 24 MM=1,3
BIL, My MM)=0NEGAR{M,FMM)
ClLy My MM)=ALAMEAR(M s MM)
RETURN
END OF BOCON
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SURROUT INE FUNCT{X, N}
THIS SUBROUTINE CALCULATES THE NEGATIVE OF S= AX+°X+FX+9X+EX S

(CMMON/BLS/ZAL202252) 4P {2029393),C{20292,3),00202,2,2)9E{202,7

1 St202,3)
DIMENSION AA{3,2), BB(2,3), CC(3,3), DD{2,2}y FE(3,3}
DIMENSION XA(3), XR{3)}, XC(3}), XD{3}, XF(3)
TIMENSTION X(202,3)
L=2%N
t1=L-1
N 1 J=1,L
IF {J «NE. 1) GC TO 2
fC 3 N'—'.yB
XA (M) =0,
XP{M})=0,
XC{M)=X{1,4M)
XDUIM)I=X(24M)
3 XE(M)=X{3,M)
€O 70 10

2 1F {J +NE. 2) GC T2 4

N 5 ¥=1,2
XA(M)=0.
XBAIM) =X(1,M}
YC{MY= X(2.,M)
XCAMY=X (3 ,M)

5 XE(M)=X{(4,M)
CaO 70 10

3 IF (J +NE. L) GC 103 ¢

Lo 7 M=1,3
XA(M)=X{L- L’N’
XR{MY =X ({L-1,M
XCIM)=X{L M)
XBDA{MY)=0.

T XE{M)=0,

Co 1010

5 IF (J NE. (L-12) 5C 791 8

TO 9 M=1,3
XA(M)= X{L-3,¥)
XBIM)=X(L-2,M}
XCIMY=X{(L-1,¥)
XC (M) =X1L,M)

3 XE(M)=0.

O 70 10

%)y
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12

£0 11 M=1,3

XA (M)= XUJ=2,M)
XBAMI= X(J=1,M)
XCIMY =X (J4M)}
XCIM)=X{J+1yM}
XE{MI=X{J+24 M)

GO 12 “=1,3

£0 12 MM=1,3

AA (M MMY=ALJyM,FNM)
PBAM, MM )I=R(J,M,MV)
CCUMyMMI=Cl{IsM, MM}
CO(M,MAY=D{JyM,FVN)
FE(MyMMI=E(JM,NMV)
CALL MATRIX(20s 2, 2,

1
CALL MATRIXU20, 3y 3, 1
CALL MATRIX{2O0, 2, 3, 1
CALL MATRIX{20, 3, 3, 1
CALL MATRIX(20, 2, 2, 1

N 13 M=1,3

S(JyM)= S{J,M) =X2(M)~-
CCNTINJUE

RETURN

FND OF SUBRCUTINE FUNMNCT

- @ w - =

XBIMY=—XC(M)~

AA,
RBy
CC,
DOy
EEy

APPENDIX F

XA,
XB,
XCy
XDy
XFE o

3
3
ER)

Ty

3,

XDIM)-XE(M)

XA,y
X8,
XCy
XCy
XE,

29

2)
2)
2)
)
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SUBROUTINE ANSWERS(NTYPE, X, LBCL, LBCR}

THIS SUBRCUTINE CALCULATES AND PRINTS N-THETA AND M-THETA,
THE LOAD VECTORS ARE ALSO PRINTED WITH THESE VALUES.
CCMMON/BLY/ ROA, Ny PHIO, SOA, DS,y DR

CCMMON/BLS/ C11, C12, C224 K11, K12, K22, C11, D12y D22
COMMON/BLB/ LA¥, E10, E20, NU12, NU21, ETA

CCMMGN /BL1O/ R{1C1),PHI(1C1),CPHI{101)}
COMMON/BL11/ALFAl, ALFA2, Tl, T2, ITFEMP

CCMMON /BL14/ CSZ2, DEL, RPHI, AN

DIMENSION X(202,2)

REAL LAM, K11, K12, K22

REAL N12, N3, Ml2Z2, M3, KB12, K3

REAL NU12, NU21

CALL GECMTYINTYPE)

L=2%N

1 AN LODADX)
PRINT 1
CO 2 I=1.N
CALL STIF(I)
FTAL= ETA/LAV
ETANUS= ETA/(1.-NL21%NU12)
TNI=F10%ETANUS*{ALFALI+NUL12¥ALFA2)%* TDZ(1)
TNZ2=C20%ETANUS* (ALFA2+NU21IFALFAL) % TOZ (1)
TMI=EI10%ETAL *(ALFALI+NUL2¥%ALFA2)%TZD72(1)
TM2=F20%ETAL #(ALFAZ+NU2IALFALI*TZNZIIT)
LI=X(2%1I,1)
WI=X{2%1,2)
FI=X{2%1,2)
IF{T.NE.1) GO TC 1C
FI=PHI(1)+DEL
DFI= DPHIA()
RI= {R{1)+R{2)1)/2.
co 73 11
FI=PHI{TI)+DFL
CFI= DPHIL(I)
PI= RUT)+DS2*CCS{PHI(I))
CONTINUE
IF {1 +NE. 1) GC T3 3
IF (LBCL WNE. 1) GO 1O 12
LP= (=3 ¢%X(251)144 %X {4,211 -X{641)}/7(2%DS)
BE= (-3 ,%X{2,3)+4.%X(4,3)-X(6,2)}/{2.%D5)
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GO T0 15
IF (I .NE. N) GC TO 12
IF (LBCR NF. 1) GO 7O 12
LP= (X{L=~4y1)1—=4e*X{L=-2,1)43.%X(L,11)/(2,%DS)
BP= (X{L=4,3)-4.%X{L~-2,3)42.%X{L+3))/(2.%DS)

AK22=-BP
EM22=UP+DFI*WI+BI*%2/(?.,*ETA)
GO TO 13

SNR= SIN(FI)/R1

CSR=CODS(FI}/RI

EM22= CSR*UI+5NR *w!

AK?2= ~CSR*BI

COK = (C11%D11-K11%%2)/LAMx*%2

CL2= CDKXLAM* 2

CLa= GL2*LAM% %2

N12= (C12*%D11-K11%K12)/GL2

M12= (K12*%C11-K11*C12)/CDK

E17= (2,*%C12%K11%K12-C12%C12%011~-C11#K12*K12)/GL?2

KB12= (C12*K11*D12-C12*D11*K12+K12%K12%K]11-KL2%C11%ND12)/GL?
N3={K12%*D11-K11*D12)/GL%

M3= (D12%C11-K11%K12)/GL2

E3=(K11#K12%K12~- C12*D11%K12 +C12*D12*K11-Cl1%D172%K12)})/GL4%
K3= (2.%D12%K11#K12-D11%K12%K12-C11*D12%D12)/GL4
AN22=N12%X{2%T=151)+M12%X{2%[~1,3)+(EL12+4CP2)*EM2Z2+(KBIDP+K?2)*%AK2?
2 +NI2%TN1+ MLI2%TVN1-TN2

AM22=N3 %#X{2%[-1,1)+M3 (X {(2%[-1,3)+{E3+K22/LAMZX )*EM2?

1 +{K3+D22/L AM*%2)%AK?2
2 #N3XTN1+M3ETMI-TM2

FPL=PL({T,N)

PPS=PS(1,NI)

FRINT /4 I, AN22Z2, AM22, PPL, PPS

FCRMAT(4X,15,4(8X, F15.81))

CONTINUE

RETURN

END OF ANSWERS SUPROUTINE
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SURROUTINE STIF{I)

THIS SUBRDUTINE DEFINES €11, Cl2, C22, K11
AND 022,

CCMMON/BLE/ Cll1, Cl2,y C22, K11, K12, K22,
COMMONSBLB/ LA¥, E£10, F20, NUL12, NL?1, ETA
CCMMCN/BLIZ2/KCUNT

CCMMON/BLYIS/Z HO

CEAL MULC, MULD

PEAL LAM, NU12, NL21, X11, K12, K22

El¢= E1/EQ AND E2C= E2/ED

MULC= T{IV/(1.-NL12%NUZL)
MULD= LAME%2xT(T)%%2%M)LC/12.
Kl11=0D.

K12=0.

K?2=0.

C1l1=F10*MULC

C12= NUY12*F1C*MLLC
(27=F20%MULC

Cit= C1Oo%NMULD

[12= NY12*E10*MULE

£22= E20%MULD

RETURN

FNN OF SUBRCUTINE STIF

y K12, K22, D11,

ci1, D!2, D22

Nz
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SUBKUGULTIMNE CYNBMIC(Sy Ny Jy Iy NCYCLE)}
THIS SUBKCLTINE SETS ALPHA, RETA, GAMMA AND DELTA FOXK THE
BACKWARL TINME CERTIVATIVES AND SAVES THE BACKWARD TIME STATIUN
SULUTICNS LF U ANE W
CUMMUN/EL3/PPy TACC, INIT
CUMMIN/BL?/XCLE(20243) sy EPS2,y EPS
CUMMUN/FLL2/KUUNT
COMMUNZRLI3/ZX1110142)y X2U1C192)y X3(101,2)
UIMENS TUN SL20243)

IF (KOUNT JANE. INIT) GO TU 1
C)E:()-
GA=0.
VE=1.

IF (TP(KLLNT) LJEQC. 1) CO TO 4
IF (NCYCLF .CTe 1) GO TC 4
GE TU 4
IF (KOURNT JANF o (INIT#1)) GG 1O 2
IF (ANOYCLE CGT. 1) GO TC 10
DU 6 {‘4:192
XI{Le¥)={XCLL{J+1 M)+ XULLD(I=-1,M}) /2.
BE= —6./LPS?2%T(1])

VA= ~64/EPS *T(1)

Lb==2.

oL TU 4

IF (KCUNT JNFo (INIT+2)) GG TC 3

IF (NCYCLE GTe 1) GJ TG 11

DU 7T M=1,2

X201 aM)=X1(1,4V)
XE{TyM)=(XCLO{J+L MM+ XCLDC(I=1,M)) /2.
BE= —4 /EPS2%T(T)

GA=  2./EPS2*T (1)

De=-1,

Gu U 4

[F (NCY(CLE .5T. 1) GJ TC 12

Lii b "4:1.'2

X3(LaMY= X2(14M)

X20TyMy=X1(1,M)

XL M= (XCLDUJ+41, M)+ XOLD(J—14MY¥) /2.
bl= =5./LPE2%TL{])

GA= 4 ,/EPS2%T (1)

bbk= —L/0PS2%T(T)

PO 9 M=1,2

SUJaM)=SE g ) +BERXTLE, MI+GARX2 (T, MI+X3 (1 4M)*DE
KETULKN

LND OF DYNAMIC
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SUBRCUTINE INITIAL(X, LBCL}
C THIS SUBROUTINE INITIALIZES THE X AND X DOY VECTORS
C THIS SUBRGUTINE IS REQUIRFD IF X OR XDOT (INITIAL CONDITIONS) ARE
o CTHER THAN ZERC FCR DYNAMIC PROBLENMS.
COMMON/BLL/ ROA, Ny PHIO, SOA, DS, DR
COMMON/BLG/ Cll, €12, C22, K11y K12, K22y Dlisy D12, n22
COMMON/BLS/ LAM, E10, E£20, NU12, NU2l, ETA
CCMMCN/BLS/ IDYNM, KMAX, NCNLIN, CFHAR
COMMON /BL1O/Z RO1ICL),PHI{1QL),DPHI(101)}
CCMMON/BL1I3/7X1(1C1,2), X2(101,2)s X3(101,2)
CIMENSION X(2Q02,32)
REAL LAM, K11, Klz, K22
£0 16 T=1,N
J=2%1
X{Jy1)=DV{1l,1}
X{Js2)=DVL2,1)
x2¢1,1Y=DVI{3, 1)
16 XZ(I,Z)"DV(‘?!I’
0 1 1=1,N
J=2%1
1F (I NE, 1) GC 7O 2
WP={ =3, ¥X{ 2,2V 443X (4,2)=-X%X{6,+2))/12.%DS)
GCC 10 5
3 1F (1 «NE. N} GC 70 4
WP={X{J=642)=4,3X{J=2,2)+2,%X(J,2))/12.%DS)
CEI=NPHI{N)+(DPFT (NY-DPHI(N-1})/2.
G 7O 1
WP=(X(J+42,2)-X(J~2,21)/(2.%0S)
PEI=(DPHIC(L)Y+DPHI(I+1)) /2.,
Y(Je3)=WP-DFI%X(J,1)
N 2 T=1,N
J=2%1
CALL STIF(Y, LAV, F10, E10, NU12, Nu21)
[F (1T JNE. 1) GC 100 6
LP={ =3, %X (2,10 44 44X 14,1)=X{6,11)/12.%DS)
PP={ -2 kX {2433 )4+4 %X {443} =-X{643))/({2.%05}
[SATEN RET
5 IF (I «NE. N} GC 1D 7
UP=(X(J=a,1)=4,%X{J-2,1)+23.%8X(Jy1})/{2.%CS)
P2 (X {3-dy3)=4etXLJ—233 1+ 3, 5X{Jy311/(2.%05)
FI=R(N)+CCS(PHTI(N})I*LCS/2,
FI=PHI{NI+{(PHT(NI-PHI(N~-1}}/2.

LanB VI
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12

14

15
13

CFI=DPHI
co 10 9

LP={X(J+
Rp={X(J+
FI={R(I)
FI=(PHI{
CFI=(CPH
IF (L8CL

APPENDIX F

(N)+{DPHTIN)-DPHI(N-1))}/2.

291)-X{J-2,11)/(2.%D5S}

293)=-X{(J-2+2))/(2.%DS)

+R(I+1))/2.

IV+PRI(T+1)) /2.
IULV+DPHI(T+1)) /2.
«NE. 1) GO TO 10

IF {1 JEQ. 1) GC TO 11

SNR=SIN{
CSR=CCS I
EM22=CSR
AK?22=~CS

FI)/RI

FI)/RI1
*¥X{Jg 1)+ SAREX(J,42)
REX{J,3)

FMI11=UP+DFI*X(J,2)

IF (NDN
AK11=-8BP
IF (LBCL
IF (I N

EM22 =F
AK?2=AK1
V=J-1
xX{M,1)=C

X{My3V= (K11 EMI1+KLI2%EM22+011*AK114D12%AK22 ) /L AM%%2

IF {(LBCL
IF (I .E
cn 10 2

X{Myp 2} =CSRE{ XV, ? )= (K12%EMII+K22*EMZ 24D Z2*AKE 1402 2%AK22) )

CCNTINUE
o 13 I=
J=2%I-1

If (1T «N

X{Jp21=X{J g2 ) +L AMAE2F (=3 %X (292) #4645 X {4y 2)=X(£42))/(2,%05)

co 10 13
I£ {I «N

XEJe21=X{dy2 Y #LAMEEZ2 R (302X (Jy 3 V=4 XX {(J=2,3 04X (J=4, 2 ) ) /(0 2,%)5)

g 10 13
X{Jy2)=
CCNTINUE
FETURN
END OF

LIN +EQe 1) EMIl= EMIL1+X{(J,3)%%2/(2.%ETA)
«NE. 1) GO T9 12

E. 1} GC T 12

M11

1

I1#EMIT4+CI2*EMZ 24 K1 1%AKY 14K 2%AK 22

NEe. 1) GC TN 17
Qe 1) X(M,2)=0,

1.N

E. 1) GC TN 14

E. N} GC 70 15

XUy ZV+LANMELDH{X{ J42,3)-X(J=2,2})/(2.%D5S)

INITI AL
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APPENDIX F

FUNCTTION PL(ID)

COMMON/BLY/ ROA, N, PHID, S3JA, DS, DR
CCMMON/BL3/PP, TACC, INIT

COMMON/BLRY LAM, FL1O, £20, NU12, NU21, CTA
CCMMCN/BLIZ2/KGUNT

PEAL LAM

PEAL NUlZ, NUZ2L

FCL = 24%LAMXETA/ (3% ({1 -NULZ2HNUZ2L) I %X, E{T (T} /ROA)RE2%XFE 10
PLL=PO*PCL

FL=PLL

TF (KCUNT «FE. € ) PL=D,

IF {(KOINT «GT.2C ) PL=O,

IF {1ACC «NEL. 1 ) GO T3 1

I (KPUNT .FQ. C) 2L= PLL

IF (KCUNT JFC.2C) PL= O,

CCNTINUE

FETURN

FND

FUNCTION PSC(I)

CC¥MUN/BLY/Z RCA, N, PHIO, SOA, DS, DR
COMMON/BL3/PR, TAHCC, TINIT

CCHMMON/BLA/PPS

COMMON/BLEZ LAM, E10, =23, NU12, NU2L, ETA
CCEMON/BRLLIZ/KCEUNT

FS=PPS

FETURN

END

FUNCTION IPIKCUANT)

IP=0

TF (KCUNT LEQ. 0O) IP=1
IF (KOUNT JEG. 2C) IP=1
FETURN

END



c

APPENDIX F

FUNCTION DVI(V,T)
DVI1,y1} SETS TFF INITIAL U DISPLACENENT
DVI(Z,I) SETS THE INITIAL W DISPLACFMFENT
DVI(3,1) SETS THE INITTIAL U VFLCCITY
DVU4, 1) SETS THE INITIAL W VELOCITY

EVv=0.

RETURN

END CF Dy

FUNCTION T(I)

CCMMON/BL1IS/ HC
TOI) MULST BE NCNDINMENSICNAL THICKNESS,
T=1./H49

FFTURN

END

FUNCTION TDZ (1)
COCMMON/BLL/Z RCA, Ny PH4T03, SCA, DS, DR
COMMCN/BLLIL/ALFAYl, ALFA?, T1, T2, ITF
IT=1TEMP+]

M=ITEMP+1

H=T{(1)1 /2.

TCZ=T1 *T{I)+T23 52T T-(-RIXXTT) /AN
FETURN

END

FUNCTION TZDZIUI)
COMMON/BLL/ RCA, N, Pi4ID, S0A, NS, DR

THERERNRF DIVIOFE

Mp

COMMON/BLLI1/ALFAL, ALFA?, Tl, T2, ITEMP

IT=ITEMP+2

AN=ITFMP+2

H=T(1}/2.
TIDZ=T2%(+*%x [ T-(~F) %% T) /AN
RETURN

END

PY -

5
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SGIVEN
NTYPE
N

RO

S0

HO

£0

El

E2
NUL2
NU21
S160
NONL TN
CONV
PHIO
LBCL
LBCR
PP
PPS
sL

SR
CHAR
10¥M
KMAX

DTAU

APPENDIX G

SAMPLE PRINTOUT

The printout for the sample problem is as follows:

3

26,
0.1E4C3,
0.0y
0.1E+C1,
0.1E+08,
O.1E+CE,
0.1E+CB,
0.3E£400,
0.3E+00,
0.1E+401,
1,

0.1E-C2,

0.158CG54E+02,

1y
3,

=0 465400,

0.1E+C3,
1,
40,

0.25E+00,



LL

T = 0.0,

T2 = 0.0
ALFAL = 0.0y
ALFA2 = 0.0,
ITEMP = 0,
IFREQ = b4y
[START = 40,
$END

SAMPLE PROBLEM FDOR A CLAMPEL SPHERICAL CAP WITH LAMARDA - £

O XIANTJIAVY
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E1/ED

NUL2

EQ/SC

IF IDYM=0 THE SHELL IS LUADED STATICALLY
If IOYM=1THE SHELL IS LOADED DYNAMICALLY

IF 1DYM=2 THE SHELUl
FCR THIS RUN, ICYM=

NUMBER OF STATIUNS =

MER IDIAN/REFERENCE RATIO

RADIUS/REFERENCE RATIO

THICK/ REF RAD RATIO

1.000000

300000

1CCC0U00.D200020

IF NONLIN
[F NONLIN

FOR THIS RUMN NCANLIN

it b

STATIC BUCKLING LOAD IS CALCULATED

1

26
«2715926
1.000000
.010000
E2/€0 = 1.000000
NU21 = 300000
REF DIST = 100.000000

0 UNLY LINEAR TERMS ARE USED
1 NCNLINFAR TERMS USFED

1

D XIANFEAAV
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STATICN NO

0.
0.
[+1%

- .
QOB NCVHWN-

-
W N

14

MERIDIAN LIS

0.

1.1037C4€E~-02
2.207409E-C2
3.211113E-02
4441481TE-02
5.518522E-02
6.622226E-02
T« 725930E-C2
B84829€35E-02
9.533339€-02
1. 103704E-01
1.214075€E~C1
14324445E-01
1.434816E-01
1.545185€-01
1.£55556E~-01
1,765927€E-01
1.876297€E~01
1.986668E~01
2.C97038E-01
2.207409E-C1
24317779€-01
2. 428150E~-01
2+538520E~-C1
2.6688%0E-01
2.7562€1E-C1

THE LEFT OMEGA MATRIX

0.

1.000COE+00

O.

THE RIGHT OMEGA MATRIX

0.
0‘
0‘

THE GECMETRY OF THE

RADIAL DIS

-5.602033E-C2
1.1C36G823E-02
2.207257F-02
3.210553€E-02
4.413445E-02
5.515799€E-02
e €17482E~-02
T.718359E-02
B. €182G65E-C2
9.917157€-02
1.101481F-01
1.211112€-C1
1.320596E-01
1.42991GF-C1
1.539067E-01
1.648C2SE-01
1. 75678SE-01
1.865235E-01
1.573€55F-C1
2.081733E-01
24 189559E-01
2.267117e-01
2+404396E~-01
2.511381E-C1
2.£18061E-01
20 724422F-01

ANGLE(RAD)

-2.,775558E~-17
1.103704€-02
242CT409F-02
3,3111132E-02
4.414817E-C2
£.518522€-02
€e£22226F-C2
T.725930E-02
8.829635E-02
G.933339F-02
1.103704F-=01
1.214075€-C1
14324445E-C1
le424315F-01

«54518AF=-01
1.655856E-01
1.7€5327F-Cl
1.R762%97F-01
1.986€68E-01
2.097038F-01
2+2Q0740°€E-01
24317779F-C1
2+4281505-01
2.538520E-01
2.64B8305-01
24759261F-N1

THE MAXIMUM SHELL RISF IS

THE SHELL THICKNESS =

SHELL FDLLOWS

CURVATURE(DEL/DS)

1.000000E+00
1. 00C000F+00
1.000000F+CO
1.000000F+00
1, 000000F+00
1.,000000E+00
1.000000F+00
1,000000E+00
1.000000F+00
1. 000000E+00
1.,000000E+D0
1.000000F+0C
1.000000E+00
1.00000CF+00
1.000000E+00
1.000000%+00
1.,000000E+0Q0
1.000000£+00
1.000000E+CQ
1.000000F+00
1.00CN00F+0D
1. 000000£+00
1.0000C0E+00
1.000000E+00
1.0C0000F+00
1.000000E+00

«03782569
1.00000000

THE LEFT BCUNCARY CCNDITION IS A POLE PCINT

THE RIGHT BOUNDARY CONDITICN

0.
0.
0.

0.
.
O

(N)

1. 0N000E+ND

THE RIGHT LAMBDA “MATRIX

(Cy + 3.
() + 0.
{hY + 1.00000F+N0
(¢)r + 0.

(B2

0.

IS FIXED
THE LEET LAMENA MATRIX

0.

1.00C00&E+00
O.

0.
0.
1.00009E+00

N.
0.
1. CCO0NE+0D

(u)
(W}
(R)

(v}
(W)
(8)

0.
00
0.

Q.
Ce.

-D XIANAddV
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STATION NO

Nole-BENIN. NS N RN EE R S g

STATION

Do ~NOON P VN

10

1
+

13
14
15
16
17
18
19
20
21
22
23
24
25
26

N-S RESULTANT

0.
00
0.
0.
0.
0.
[+
00
0.

NTHETA

SHEAR FCRCE

0.
0.
Q.
0.
0.
0‘
Oe
0.
0.
0.
0.
Ge
0.
0.
0.
0.
0.
0.
O.
0.
0.
O.
0.
0.
0.
O.

MTHETA

M-

S RESULTANT

RADTIAL LOCAD

U-DEFORMATION

MERIDIAN LAAD

W-DEFORMATION

BETA RCTATION

0.

D XIANHJdAV
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STATI

OO NN

ON NJ

KOUNT

WiN-O

U poT

TAU
0.C000C
«25000
«50000
« 15000

W ooT

DEL
0.20C00
-.0CGE5
-.03362
-.06606

U DNTNGT

T TERATIONS

CYCLE
o]

3
2
3

W DOTPOT

0.
~7.26273039F+04
~7.26273039FE 404
~T42627303CE 404
-7.26273039E+04
~T42627303GF+04
=T 26272039F+04
=7.2627303C7+04
-7.26273039E+04
~7.26273029F+04
=T.2627303°F+Ca
~T742627303CE404
~Te2627303CQF+04
~T7.26273020F 404
-7.26273039L+04
~T.26272032F+04
-7.26273029F+04
~T426273039F+04
~T.2627303%F4+0¢
~7.2627303CF+04
-7.2627203CF+04
~7.76273039F+04
=T.2627303C1 +04
-7.26273039t +04
~7.2€27303GE+04
~7.26273039E+04

S XNORM
0.
5.13873€-08
1.h05632E-06
S.6RE24F-06

D XIaNdddVv
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13

R
N O DN =

—
w

NN N NN R N 4 s b s s
CMPWNEHOVO®ITUNH

STATION NO

N-S RESULTANT

-2.953608BCE+C4
-2.9536507TE+C4
~2.95474STE+C4
—2.9569002E+C4
—~2.9604770F+C4
~Z2¢965902TE+C4
-2.9735975E4(4
-2.9838686E+C4
-2.9968121E+C4
-3.0122001E+C4
-2.,0263%13E+C4
=3.,0472829F+C4
-3.0643271E+¢C4
-3.0786302E+C4
-3.0881279E+(C4
-3.09C8078E+C4
~3.,0849245F+C4
-3.06G1517€E+C4
-3.04265C4F+4C4
-3.00508C8E+C4
-2.95663€1E+C4
~2.8981643E+4C4
-2.8313785E+4(4
~2+7550540E+C4
-2.6850751F+C4
-2.6143115F+C4

SHEAR FORCE

0.
1.0823427E+C2
2.0C92919E+C?2
2. €2847C2F+C2
2.7904913E+02
2.3625GC43E+C2
1.2494226F+02
-5.7701113F+01
-3.0459378E+C2
—5.9597947E+02
-5.G8185A5F+C2
-1.164988B6E+C3
-1.3424182E+03
—1.3771512E+C3
-1.22757CBE+03
-8.,7532111E+4(C2
-3.3416E54E4C2
3.4728171E+02
1.0G15345E+C3
1.8C71110F+03
24 40954¢9F+03
2.8424471E+C3
3.0S074CBE+03
3.1792366E+(3
3.,1539024E£+03
3.C494846E+03

M-S RESULTANT

242678369F+04
2.8651020F +04
4,2857152F 404
£.2857895F+04
RL,TI435CAF+04
1.10079¢2£+405
1,2392358F +(5
1,2?291078C+C5
1.,C050515F+405
2.1696759F+04
-2.5752228E+0¢4
-1.2997832¢ +05
-2 +540179KF +05
~2,9582718E+05
~£.C750267F 405
~t,C01T7T726F+05
~£.4395012F +05
-£42287211F 405
—-5427B3742F+05
-3.58G7597F+05
-1.,2521299€£+05
1.5719226E 405
4,6877244E+405
7.S114827F4+05
1.1101973F+06
1.4164055F+04

U-DEFQRMATION

0.

7.23021R2F+01
1.4491R13€+02
2.1825€54E+02
24920525BE+02
?,69°0004E+02
4.502288RF4+02
5.35255€4F+07?
64262TRBLE+02
724926128402
8431379418F+02
2,4T4953TF+02
1.,070440QF+0
1. 1969946E+0?
1.32007325€E+C3
1.4285638E402
1.5093152F+ 02
1.542A/2°1E+07
1.5207502E+03
1.4314766C4+03
Le2760124E+03
1.06274995+073
8.1143043E+0?
5.29085K05F+02
2.648T18TE+02
D

W-DEFCRMATION

—2.7213G44F +04
-2.T723267FE404
=2.7276970E+04
~2.T269510F+04
-?2.T534351E+0%
=2.17CR5T2F 404
=2+ R1IB5ST2E+0)4
—2.RTCS4LACE+04
—~2+,93£307CF NS
-2,0114017F+94%
-2,08072F4C 404
~2.1612341F404
~3.2131620F 404
=2,227RT26F +04
-2,195¢4ACF+04
-2,0GE1237F+04
—2.920C564E4+04
=2 eb66L1564F+04
~243250092€404
—1.9440534F+04
-1.5120232E+04
~1.073E550F+0%
~6.621P535F403
—2.1R8266TNE+D3
~B.46TE36RE+Q2
nl

BETA ROTATINON

OO
-2.2794093E+403
~5,8643852F+C3
-1.1267650E+404
-1.%114122E+404
=-24C427T722F+Ca
-4,1522358%404
-5.425C5085C4C4
-6.52366T72F+C4
-7.,2097¢35E+C4
=74 129575CE+C4
-Aa014133G5404
-3,5756736E+C4

3.1727272FE403

562319645404

1.2126179E4CH

1.9322207F+405
2+ 654401 RE+(5H
3.7975011E405

3, 7754024F 405

4.N0B23RTE+CS

3.9318638F+05

3.5037444E 405

2. 7T0208T73E4CH

1. 523173625+405

0.

D XIaNdIddV
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STATION NTHETA

1 ~2.G54411T2F+04
2 ~2.65428186E+04
2 -2.65765316E+04
4 =2.96507017E404
5 -2.37841122E+04
6 =2 99999064E+04
7 -3.03176440E+04
8 ~3.C7465333E404
9 ~3.12775841E+04
10 ~3.1R763917E+04
11 =3.24784323E+04
12 ~3.26885603E+04
13 ~1,22851747E+04
14 ~3.32490901F+04
15 =3.27457223F+04
16 -3.16833667E+04
17 -3.,00117691E+04
18 ~2.77385172E+04
19 ~2449339923F+04
20 ~2.17298197F+04
21 -1.83136057E+04
22 -1.4522G1 SBE+ 04
23 -1.18401095E+04
24 ~9.38800207E+403
25 ~7.92555514E+03
26 ~7.84293439E+03
KQUNT TAU

4 1.00000

5 1.250C0

6 1.500C0

7 1.75000

MTHETA
2.05951423E404
2465597227F+04
3.49924742E+04
4,75047834E404
6424386209F+04
T.7401C341E+006
Ba94421377E404
9.52812693E+04
Q,15545C59E+04
7.57877822F+04
4.5961CCTTE+C4
2.08351564E+403
-5433394S03F+404
-1.17487879E+05
-1.82388537E+05
-2.40531281E405
=2.83414555E+405
-3.02365017E+05
-2.94B60568E+05
—2455514C432+05
=1.36413570E+05
-9.15657540F+04

2+27536554E+04

1,50496473E+405

2.85004291E+05

4424921€7TTE+CF

DEL
-.10287
-+13994
-.17430
~+20398

RANDIAL LOQAD
~T.2€627303GF+04
=7+2€627303%F+04
=7.2€2730335+04
-7.2€273039F+C4
=7.2€273039F+04
~7.2€627303GE+ 04
~7.26273C30E+04
~T7.26273035F+ 04
=T.2€273C3IF+C4s
~7.262730397+04
~T7.2€273039E+04
~7.26273039F+04
=T.26273039F+04
~T.2627303CE+C4
“T.2627303GE+04
-7.76273036GE4C4
-T.2€273039E+04%
~7.2627303S5+04
~T7.2€27303SE+C4
~7426273033E+04
-7.2€6273039E+C4
-7.2627303CE+C4
~7.2€27303CE+04
~T7.26273C39F+C4
~T+2627303CE+04
-T.2€627303GE4C4

ITERATICNS
12
16
16
22

MERIDIAN LIAD

CYCLES XNORM

3 9.30392E-04
1.n8832€~05
1.31620F-0%
1,06050€-C5

W M
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APPENDIX H
CONVERSION OF U.S. CUSTOMARY UNITS TO SI UNITS

The International System of Units (SI) was adopted by the Eleventh General Con-
ference on Weights and Measures in 1960, (See ref. 18.) Conversion factors for the
units used in this report are given in the following table:

Physical quantity |U.S. Customary Unit Conversé}i‘((;n factor SI(,HSit
Length in, 2.54 x 10-2 meter (m)
Modulus of axial
stress, elasticity | psi 6.895 x 103 newton/meter2 (N/m2)
Temperature degree Fahrenheit |K = (OF + 459.67)/1.8 | kelvin (K)

*Multiply value given in U.S. Customary Unit by conversion factor to obtain
equivalent value in SI unit.

**The prefix giga (G) is used to indicate 109 units.
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FORTRAN name
GE@MTY
B@C@N
ABCDES
FUNCT
P@GTTER

DYNAMIC

ANSWERS
STIF
INITIAL

MATRIX

TABLE 1.- SUBROUTINE DESCRIPTIONS

Description

Calculates shell geometry, thatis, r, ¢, and ¢

Sets proper boundary conditions

Calculates coefficients of A, B, C, D, E, and q matrices
Calculates negative of fk('z‘i,ii_l,s) in equation (27)

Calculates P, Q, and R matrices and then solves for the Newton-
Raphson corrections 6z

Calculates @, B, 7,and 0 and stores Xm -1, Xm,1-2,
and Xm,l_3

Calculates ngg and mgg and prints n32, mgg, P, and pg
Calculates constitutive coefficients in equations (14)

Initializes y; o and yi o Vectors when the initial conditions are
other than zero ’

Perform basic matrix operations as detailed in reference 16
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TABLE 2.- GLOSSARY OF FORTRAN VARIABLE NAMES

Variable

Program name

Description

a

C11, C12, Ca2
D33, D2, Dgg
EO

E1/Eo, E2/E;
€11, €22

Ho

h

i

K11, X2, Kgo
m

n
P, Pg

x (1st element)
x (2d element)

(3d element)

w

(1st element)

(2d element)

o o«

(3d element)

CHAR
C11, C12, C22
D11, D12, D22
EQ

E10, E20
EM11, EM22
HG

T(I)

ITEMP

K11, K12, K22
K@UNT

N
PL, PS

R(I)

SMER
X(J,1)

X(J,2)

X(J,3)

X(J,1)

X(J,2)

X(J,3)

XOLD

X

ALFA1l, ALFA2
AL, BE, GA, DE

Reference length

Constants in equations (10) and (11)
Constants in equations (12) and (13)
Reference modulus of elasticity
Nondimensional moduli of elasticity
Membrane strains, used in ANSWERS
Reference shell thickness
Nondimensional shell thickness
Temperature exponent in equation (17)
Constants in equations (10) to (13)
Step in time

Number of stations
Nondimensional loads, see FUNCTION PL and
FUNCTION PS

Nondimensional radial distance at station i-1/2

defined in GE@MTY

Nondimensional meridional distance
nyi; when j odd
q when j odd
myq when j odd
u when j even
w when j even
B when j even
Matrix of unknown

Matrix of Newton-Raphson corrections to z
Constants in equations (16)

Constants in equation (21)




TABLE 2.- GLOSSARY OF FORTRAN VARIABLE NAMES — Concluded

Variable
‘n

k11> 22

Y12: V21

Pfogram name
ETA
AK11, AK22
NU12, NU21
LAM
LAMS

TM1, TM2
TN1, TN2

ATAU
DS
PHI(I)
DPHI(I)

Deséription
Eq / o
Nondimensional principal curvatures
Poisson's ratios
Ratio of Hg/a
Shell parameter

Thermal moment resultants
Thermal force resultants

Nondimensional time increment
Nondimensional meridional increment
Colatitude angle at i-1/2
Colatitude angle change at i-1/2
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Figure 1.- Surface geometry and coordinates.

i
S S O T O OO




° )

22
< \ ™22

=4

N1y 11

S S

(a) Membrane and trans- (b) Moment resultants.
verse force resultants.
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(¢) Load per unit (d) Displacements

area. and rotation.

Figure 2.~ Positive sense of forces, moments, loads,
displacements, and rotations.
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(a) Shell meridian divided into (b) Location of i-1/2 station.
equal increments.

Figure 3.- Locations of boundaries, stations, and midpoints of shell and
shell meridian increments.

Figure 4.- Spherical cap geometry.
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Figure 5.- Deflection response of clamped spherical cap for various
uniformly distributed pressures. (Load duration is from 7 =10
to 7=25.)
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Maximum inward deflection, Amax
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— —Results in reference 12
2L — Present results
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Per = 0.65 L~ Per = 0.68
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Load parameter, P*

Figure 6.- Dynamic buckling of clamped spherical cap subjected to
uniformly distributed step pulses. (Load duration is from
7T=0 to T=25.)



Axial stress at outside surface, psi

X 103
40 > 10 —— Present results -40.2
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Nondimensional axial distance, s
(a) Axial stress.

Figure 7.- Outer surface thermal stress variation along shell length.

Axial stress, GN/m2
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Circumferential stress at outside surface, psi

40 X 103

—— Present results ~0.2
- — —Results in reference 15
O ( : : == I~ ! - 0
4-0.2
-40-
1-04
..80-
4 -0.6
-120} 1 -0.8
4 -1.0
~1605 2 4 6 L
Nondimensional axial distance, s
(b) Circumferential stress.
Figure 7.~ Concluded.
NASA-Langley, 1971 —— 32

Circumferential stress, GN/m2
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